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ABS  TRACT 
The  development  of  a  method  for  the  detection  of  life 
in  the  upper  atmosphere  and  outer  space  has  been  the  goal of the 
investigations  carried  out  in  this  laboratory  during  the  past  year 
and  one  -half. 
The  basis  of  the  life  detection  system  studied  in  this 
laboratDry  has  been  the  selection  of  adenosinetriphosphate (ATP) 
as  a  monitor  for  the  presence  of  life. The  rationale  of  this 
selection  stems  from  the  universal  occurrence  of ATP in  terrestrial 
organisms. 
The method  selected  for  the  detection  and  quantitative 
assay  of ATP exploits  the  bioluminescent  reaction  occurring  in 
fireflies. In  brief, the  components  of  this  reaction  are  an  enzyme, 
luciferase,  and  two  substrates,  luciferin  and ATP. With  luciferase 
and  luciferin  held  constant  and  in  excess,  the  emission  of  light 
is  theoretically  proportional  to  the  ATP  added. 
The  work  conducted  during  the  tenure  of  this  contract 
has  proceeded  along  two  lines.  The  first  has  consisted  of  experi- 
ments  designed  to  establish  the  optimal  conditions  for  the  prepar- 
ation  of  luciferase  and  luciferin,  and  also  to  establish  the 
optimal  reaction  corditions  for  maximum  assay  sensitivity.  The 
second  phase  of  this  work  has  been  the  design  and  fabrication 
of a  highly  sensitive  and  versatile  instrument  for  the  measurement 
of  the  light  emitted  during  the  bioluminescent  reaction. 
Column  chromatography  using  Sephadex 6-100 has  been  found 
to  be  the  most  effective  means  of  obtaining  luciferase  in  a  partially 
purified  state. 
Because  of  difficulties  in  obtaining  sufficient  quantities 
of  natural  luciferin,  this  compound  was  synthesized  from  commercially 
available  starting  materials. 
Reaction  conditions,  established  as  optimal  for  maximal 
sensitivity , included  the  following: 
1. pH - 7 
2. Temperature - 20°C 
3. Buffer - Tris  or  Arsenate 
4 .  Mg* concentration - 1 x 10 M 
5. Luciferin  concentration - 1 mgjml 
-2 
Using  optimal  reaction  conditions,  the  maximal  sensitivity 
of  the  assay  was  determined. It  was  found  that 1 x 10-8p of ATP 
could be  detected  with  confidence  levels  ranging  from 0.02% to 100%. 
The ATP responses  were  not  linear  at  quantities  lower  than 10 ’$. -7  
An instrument  for  the  monitoring  of  the  light  emitted 
during  the  bioluminescence  reaction  has  been  designed  and  fabricated 
in  this  laboratory.  The  design  of  this  instrument  was  governed  by 
two  objectives. The  first  was  to  build  a  very  sensitive  unit,  while 
the  second  objective  was  to  have an instrument  sufficiently  versatile 
so as  to  allow  the  investigation  of  a  variety  of  experimental  variables. 
A high  signal-to-noise  ratio  was  achieved by  cooling  the 
photomultiplier  tube  and  the  use  of  a  discriminator  circuit.  The 
design  of  the  photomultiplier  circuit  was  such  that  the  output  of 
vi 
the  photomultiplier  tube  wgs a series of voltage pulses,  thus 
allowing the efficient use of a discriminator circuit. 
The  system for the  injection of ATP via a syringe was 
hydraulically  controlled with provisions  for  continua.lly  varying 
the injection volume. 
There  was  also incorporated  into  the  instrument,circuitry 
for  controlling  and varying the  light measuring period. 
The  reaction chamber was provided with a  thermostatically 
controlled water bath. 
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I. INTRODUCTION 
Among  the  vast  array  of  questions  to  which  man  is  seeking 
answers  in  his  investigations  of  the  upper  atmosphere  and  outer 
space,  there is none  more  challenging  and  provocative  than  that  per- 
taining  to  the  existence  of  life  outside  terrestrial  boundaries. A 
satisfactory  answer  to  this  question  is  the  subject  of  intensive 
study  by  several  investigators. 
Basic  to  these  studies  is  the  establishment  of  the  para- 
meters  which  define  life. A definition  which  is  amenable  to 
operational  manipulation  is  one  which  characterizes  life  as  the 
capacity  of  a  molecular  complex  to  perform  certain  functional 
activities  including  metabolism,  growth,  and  reproduction.  If 
the  validity  of  the  above  definition  is  accepted,  then  it  follows 
that  a  rational  life  detection  system  must  be  capable  of  measuring 
phenomena  related  to  these  criteria. 
The  detection  of  life  in  many  instances  is  not  a  diffi- 
cult  matter,  especially  when  there  are  visible  manifestations  such 
as  characteristic  form,  movement,  and  reproduction.  This,  however, 
becomes  increasingly  difficult  as  the  size  of  the  organism  becomes 
microscopic,  and  even  more so as  the  number  of  organisms  being 
sampled  decreases. It is at this  point  that  the  classical  life 
detection  techniques  begin  to  be  dependent  upon  one  of  the  mani- 
festations  mentioned  above;  namely,  reproduction.  Although ade- 
quate  in  many  laboratory  situations,  techniques  based on growth 
have  the  requirement  of  long  time  periods  and  rigorously  controlled 
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conditions.  Another  factor  which  enters  here  is  that  for  the 
detection of life  beyond  the  surface of earth,  techniques  which 
are  amenable  to  remote  operation  must  be  employed.  The  work  to  be 
described  here  grew  out of the  need  for  a rapid,  sensitive  technique 
for  the  detection  of  life. 
All  terrestrial  life  insofar  as  is  presently known, is 
intimately  associated with, and  dependent upon, the  nucleotide 
phosphate,  adenosinetriphosphate  (ATP) (1) .  The  ubiquity of this 
compound  in  living  organisms  renders  it an excel1en.t  indicator of 
the  presence  or  absence  of  life.  Furthermore,  changes  in  the  meta- 
bolic  integrity of a  living  organism  are  frequently  accompanied  by 
variations  in  the  steady  state  concentration  of ATP in  the  organism. 
Thus,  not  only  may  ATP  measurements  provide  the  basis  for  the  detection 
of  life,  but  may  also  be  exploited  for  the  detection  of  metabolic 
changes,  both  normal  and  pathological. 
In order  to  realize  the f u l l  potential  of  ATP  as  a  monitor 
for  the  presence  of  life  in  space,  it  was  necessary  to  select  and 
develop  a  method  with  which  it  could  be  assayed  with  the  highest 
degree  of  sensitivity,  accuracy,  and  rapidity. 
There  are two general  techniques  by  which  ATP  may be 
measured.  The  first  requires  its  isolation  in  the  pure  state  after 
which  it  can  be  assayed  by  means  of  ultraviolet  spectrophotometry. 
The  second  technique  employs an enzyme  system  in  which ATP is a 
substrate.  The  latter  enjoys  the  advantage  in  that  it  does  not 
2 
require  that ATP be  in  a  pure  state.  This  gives  it  a  simplicity 
and  speed  which  cannot  be  approached  by  the  first  technique. 
The  choice  of  an  enzyme  system  for  ATP  assay  was  dictated 
mainly  by  the  degree  of  sensitivity  of  the  assay  methods  for  the 
products  formed  during  the  reaction  between ATP and  enzyme. In 
most  of  the  enzymatic  assays  of ATP at very  low  concentrations, 
the  primary  enzyme  is  coupled  with  one  in  which a  pyridine  nucleo- 
tide  is  reduced at  a  rate  proportional  to  the ATP concentration. 
Reduced  pyridine  nucleotide  which  has  a  very  high  extinction co- 
efficient  is  then  assayed  at 340 rn in  the  ultraviolet  spectro- 
photometer.  Another  enzymatic  reaction  requiring  ATP  which  appealed 
to  us  quite  early  was  the  bioluminescent  reaction  occurring  in 
fireflies. 
The  components  and  mechanism  of  the  bioluminescent  reaction 
occurring  in  fireflies  have  been  well  established  by  the  excellent 
work  of  McElroy  and  his  associates (2 -7) .  
In  brief,  the  light  emission  in  bioluminescence  is  the 
result of the  reaction  of  oxygen  with an oxidizable  substrate 
(luciferin)  catalyzed  by an enzyme  (luciferase).  Luciferin  must 
first  react  with  ATP  before  it  can  be  oxidized  with  light  production. 
The  first  step  of  the  reaction  is  this: 
Mg++ 
(1) E + ATP + LH2< ’ E - LH - AMP + PP 
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The  kinetics  of  the  reaction  indicate  that ATP is  not  functioning 
here  in an energy  donor  capacity  but  functions  in an unknown 
catalytic  fashion  to  change  the  electronic  configuration  of  one 
or  all  of  the  energy  states  of  luciferin ( 8 ) .  In the  presence  of 
oxygen,  the  light  emission  step  takes  place  as  follows: 
(2)  E - LH2 - AMP + O2 .->E - L - AMP + (H202) ? + Light 
E - L - AMP is a  relatively  stable  complex  and  does  not  spontaneously 
disassociate  to  regenerate  luciferase. The regeneration  of  the 
enzyme  may  be  affected  by  either  or  both  of  the  following  reactions: 
(3)  E - L - AMP + COA 
E + AMP + COA - L 
( 4 )  E - L - AMP + PP 
L + E + ATP 
Where : 
E = Enzyme  (luciferase) 
LH - Luciferin 
PP = Fyrophosphate 
AMP = Adenylic  acid 
CoA = CoEnzyme  A 
L = Dehydroluciferin 
On  examination  of  reactions 1, 2 ,  3 ,  and 4 ,  it  can  be 
seen  that  the  total  light  emitted  during  the  course  of  the  reaction 
4 
is  a  function  of  the  concentration of luciferase,  luciferin, ATP, 
CoA, 02, and  pyrophosphate. It  has  been  shown,  however ( 8 ) ,  that 
the  rate  limiting  step  in  the  sequence  is  the  reaction  between ATP 
and  luciferin.  Therefore,  in  the  presence  of  excess  luciferase, 
the  maximum  intensity  is  a  direct  function  of  the  concentration  of 
luciferin  and ATP. By keeping  both  luciferin  and  luciferase  in 
excess,  the  maximum  intensity  of  the  emitted  light  is  theoretically 
proportional  to  the ATP concentration. 
The  basic  procedure  consists  of  injecting,either  standard 
ATP solutions,  or  cellular  extracts  containing ATP, into  a  cuvette 
containing  the  enzyme  system  (luciferase,  luciferin,  and  magnesium 
ion). The  enzyme  system  is  held  at pH 7.4 with  potassium  arsenate 
buffer.  The  light,emitted  as  the  result  of  the  reaction  between ATP 
and  the  enzyme  system,  strikes  the  surface  of  a  photomultiplier  tube 
giving  rise  to  a  current  which  can  be  measured  by  various  means. 
A typical  light  response  as  measured  with an oscilloscope  is  shown 
in  Figure 1. 
There  are  two  ways  in  which  the  bioluminescent  response 
with ATP, as  portrayed  in  Figure 1, can  be  expressed.  One  is  by 
measurement  of  the  maximum  intensity  of  the  emitted  light,  which 
after  reaching  this  maximum  value,  decays  exponentially.  With  all 
other  factors  constant,  the  maximum  intensity  is  directly  proportional 
to  the  concentration  of ATP. The  alternative  manner  of  expressing 
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Time 
Figure No. I - A schematic  representation of the 
bioluminescent  reaction  as  recorded 
by an  oscilloscope. 
6 
the  response  is  by  integration  of  either  a  part  or all of the  total 
amount  of  light  emitted, i.e., area  under  the  light  intensity  curve. 
Instrumentation  currently  available  in  this  laboratory  allows  both 
types  of  measurements. 
The  advantages  of  the  use  of  the  bioluminescent  assay  for 
life  detection  in  space  may  be  enumerated  as  follows: 
1. High  degree  of  specificity 
2. Assay  requires  very  short  time  period 
3 .  Instrumentation  for  light  measurements  are  capable 
of  great  sensitivity  and  also  may  be  easily  miniaturized. 
The  specificity  of  the  reaction  for  ATP  and  thus  for  life 
has, of  course,  only  been  established  for  terrestrial  organisms. It 
is possible,  however,  that  organisms  which  might  be  encountered  in 
space  will  contain  no  ATP.  It  is  also  possible  that  nonbiological 
ATP  may  be  found on other  planets. This, in  itself,  would  be  of  major 
biological  significance  indicating  that  prebiological  evolution  had 
developed  to  that  point.  The  incorporation of an  inhibited  control 
and  the  monitoring  for  ATP  production  in  the  sample  being  tested  could 
distinguish  metabolic  from nometabolic ATP. 
Previous  studies  conducted  under  contract  with  the  Naval 
Bureau  of  Weapons (9) established  the  feasibility  of  the  bioluminescent 
assay  for  the  rapid  detection  of  small  numbers  of  microorganisms.  The 
studies  to  be  described  here  represent  improvements  of  this  method, 
both  in  biochemistry  and  instrumentation. 
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11. RESEARCH GOALS 
The  goals  of  the  studies  carried  out  during  the  past 17 
months  were: 
1. Biochemistry - The  establishment  of  the  optimal  enzyme 
reaction  conditions so as  to.  achieve  maximal  measurable ATP response. 
2. Instrumentation - The  design  and  fabrication  of an 
instrument  for  quantitative  light  (ATP  bioluminescent)  detection  more 
sensitive  than  any  previously  available. 
111. BIOCHEMISTRY 
A. Introduction 
The  investigations  to  be  described  in  this  section  were 
designed  to  accomplish  the  following: 
1. Develop  methods  for  the  routine  preparation  of  lucif- 
erase  and  luciferin. 
2. Reduce  the  magnitude  of  the  inherent  light  (light  emitted 
by  luciferase  in  the  absence  of  added  ATP)  emitted by luciferase 
preparations. 
3.  Establish  the  reaction  conditions  for  maximal  light 
emission  in  response  to  ATP  addition. 
4 .  Determine  the  minimum  quantity  of  ATP  which  can  be 
measured  using  optimal  reaction  conditions  and  instrumentation. 
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B. Instrumentation 
In the  experiments  to  be  described,  light  measurements 
were  made  with  two  instruments.  The  first  was  an  instrument  designed 
and  fabricated  by  this  laboratory  (for  the  Naval  Weapons  Bureau)  prior 
to  the  initiation  of  these  studies.  This  instrument  consists  of  a 
composite  sensing  and  reaction  chamber  which  contains an RCA 7265 
photomultiplier  tube  and  a  rotating  cylinder  mounted i   a  block  of 
aluminum  in  a  manner  which  permits  removal  of  the  reaction  chamber 
without  exposing  the  phototube  to  extraneous  light. As is  shown  in 
Figure 2, a  section  of  the  cylinder  wall  is  cut  out  to  accomodate  the 
cuvette  which  is  a 6 mm x 50 mm test  tube.  Immediately  above  the 
cuvette  holder  is  a  small  injection  port  sealed  with  a  replaceable 
light-tight  rubber  plug.  The  output  of  the  photomultiplier  is  fed 
into  a  Tektronix  Model 503 oscilloscope  with  a  maximum  sensitivity 
of 200 uv/cm. To observe  and  record  the  reaction,  the  cuvette  con- 
taining  the  necessary  reagents  is  positioned  in  the  cuvette  carrier 
without  exposing  the  phototube.  After  the  cuvette  is  rotated  into 
position  before  the  photomultiplier  tube,  the  reaction  is  initiated 
by  the  injection of ATP  via  needle  and  syringe  through  the  injection 
port.  The  light  emission  is  measured  on  the  oscilloscope  in  millivolts. 
The  second  instrument  used  in  these  studies  is  one  designed 
and  built  under  this  contract.  This  will  be  discussed  in  detail  in 
Section  IV. In brief, this  unit  differs  from  the  first  in  the 
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following  respects : 
1. The  output  of  the  photomultiplier  tube  is a series  of 
voltage  pulses  instead  of an anode  current  as  was  the  case  with  the 
previous  unit. Thus,  light  emission  is  measured  in  pulses  or  counts 
per  given  time  period. 
2. The  cathode  of  the  photomultiplier  tube  is  operated  at 
-3OOC. In  addition,  the  use  of  a  discriminator  circuit  permits a 
very  low  noise  level  to  be  attained. 
3.  The  injection  of  ATP  is  mechanically  controlled. 
4. The  counting  time  is  selected  and  variable  over  a  very 
wide  range. 
For  purposes  of  identification  throughout  this  report, 
the  first  instrument  will  be  referred to as  the  "RCA  Unit"  while 
the  second  will  be  the  "NASA  Unit .I'
C.  Preparation  of  Enzyme 
1. Source 
The  starting  material  for  the  preparation  of  luciferase 
was  desiccated  firefly  tail  obtained  commercially  from  both  Sigma 
Chemical  Company,  St.  Louis,  and  Worthington  Biochemical  Corporation, 
Freehold,  New  Jersey. 
2. Preparation  of  Acetone  Powder 
It has  been  observed  by  Green  and  McElroy ( l o ) ,  and  also 
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in  this  laboratory,  that  if  the  firefly  tails  are  extracted  directly 
with  buffer,  the  extract  contains a  excess  amount  of  'lipid  material 
which  will  interfere  in  subsequent  purification  procedures.  Green 
and  McElroy (10) found  that  this  could  be  prevented  by  the  preparation 
of  acetone  powders  from  the  firefly  tails  as  described  below. 
Desiccated  firefly  tails  (ten  grams)  were  ground  to a  fine 
powder  with  one  gram  of  washed  silica  with  a  pre-chilled  mortar  and 
pestle.  The  powder  was  added  to 600 ml  of  acetone  which  had  been 
cooled  to -2OOC with  dry  ice.  The  suspension,  after  standing  for 
five  minutes,  was  filtered  through  a  Buchner  funnel  under  reduced 
pressure.  The  filter  cake  (residue)  was  washed  with  an  additional 
250 ml  of  cold ( -20°C) acetone.  Vacuum  was  maintained on the  Buchner 
funnel  until  the  filter  cake  was  almost dry. The  cake  on  its  filter 
paper  was  taken  to  complete  dryness  under  vacuum  in  a  desiccator. 
The  acetone  powder  when  stored  at -10 C in  the  presence  of  Drierite 
has  been  found  to  be  stable  for  up  to six months. 
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3 .  Extraction  of  Acetone  Powder 
For  the  extraction  of  luciferase  activity  from  the  acetone 
powder,  various  buffers  have  been  compared.  The  solution  initially 
used  for  the  extraction  of  the  acetone  powder  was  Versene (0.01 M - 
pH 7.4). The  extraction  procedure  was  as  follows: 
The  acetone  powder (500 mg)  was  ground  to a  fine  powder 
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with  pre-chilled  mortar  and  pestle.  The  powder  was  added  to 7 ml of 
cold 1 x 10 M Versene at pH 7.4. The  suspension  was  centrifuged 
at 1500 x G at 4OC for  ten  minutes.  The  supernatant  solution  was 
-3 
decanted  and  saved  and  the  residue  was  re-extracted  with  two 3 ml 
volumes of cold  water  adjusted  to  pH 8 with 0.1 N  NaOH.  The  three 
supernatant  solutions  were  then  pooled  and  centrifuged  in  the  cold 
at 12,000 x G for  thirty  minutes.  The  supernatant (11.8 ml) con- 
taining  the  bioluminescent  system  was  then  assayed  for  activity. 
The  reaction  mixture  for  the  bioluminescence  assay  was  as 
follows : 
0.1 ml extract (1:l dilution) 
1.0 ml  of 0.01 M MgSO - 0.05 M Tris  buffer - pH 7.4 
0.1 ml of  ATP  solution (13) 
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The  enzyme  extract  and  the MgSO -Tris  buffer  were  placed 
in  a 5 mm Beckman  cuvette.  The  cuvette  was  then  positioned  before 
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the  photomultiplier  tube  and  the  inherent  light  was  measured.  After 
biasing  out  the  inherent  light  electronically,  the  bioluminescent 
reaction  was  initiated by  the  injection  of  ATP. 
Typical  assay : 
1s ATP response - 124,000 mv 
Inherent  light - 600 mv 
An  experiment  in  which  the  effectiveness  of  arsenate  and 
Tris  buffers  are  compared  is  described  below. 
Two 0.25 gram  portions  of  acetone  powder  were  extracted, 
one  with 0.01 M Tris-10 M Versene,  pH  7.4,  and  the  other  with 0.05 M 
Arsenate-10 M Versene, pH 7.4. The  total  volume  for  each  extraction 
was 6.5 ml.  The  reaction  mixture  for  the  assay  of  activity  was  as 
follows : 
-3 
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0.3  ml  extract 
0.2 ml 0.01 M MgS04 - 0.05 M  Tris, pH 7.4 
0.1 ml  ATP (0.01 r )  
See  Table 1 below  for  the  results. 
Table 1 
Comparison of Tris  and  Arsenate  as  Extracting  Agents 
Extractant ATP  Response* (mv) Inherent  Light*  (mv) 
Tr  is 850 3700 
Arsenate 2200 2600 
*Instrument - RCA  Unit 
*Inherent  light - Light  emission  by  the  enzyme  mixture in
absence  of  added  ATP 
Extraction  of  the  acetone  powder  with  arsenate  buffer 
would  appear  to  yield  extracts  with  considerably  more  activity  than 
those  obtained  with  Tris  Versene  buffer. 
Although  the  results of the  above  experiment  would  indicate 
that  arsenate  buffer  is  the  more  effective  extracting  agent,  a 
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subsequent experiment in which the concentration of Tris b u f f e r  was 
inc reased  to  0.05 M ind ica t ed  tha t  Tris was equal ly  as e f f e c t i v e  as 
a n  e x t r a c t i n g  a g e n t  a n d ,  i n f a c t ,  even be t t e r  i f  on ly  the  f ive - second  
response is  measured. See Table 2 below. 
Table 2 
E f f e c t  of Assay Time on Responses of Enzyme Extracted with T r i s  and 
Arsenate Buffer 
Ex t rac t an t  ATP Response 
RCA Unit  (mv) NASA Unit  
c /30   sec   c /5   se  
Arsenate 
Tris 
1400  146 , 192 28,806 
2850 153,722 40,420 
Two 250 mg port ions of  acetone powder were e x t r a c t e d ,  one 
with 0.05 M T r i ~ - l O - ~  M Versene, pH 7.4 and the other  with 0.05 M 
arsenate-10 M Versene, pH 7.4. The t o t a l  volume for   each   ex t rac t ion  
was 6 m l .  The reac t ion  mix tu re  fo r  t he  RCA Unit  consis ted of 0.3 m l  
o f  ex t rac t ,  0 .2  m l  of 0.01 M MgS04, and 0.1 ml i n j ec t ed  ATP (1 x 10 p). 
The r eac t ion  mix tu re  fo r  t he  NASA Unit  consis ted of 0.2 m l  of e x t r a c t ,  
0 .1  m l  of 0.01 M MgS04, and 0.01 m l  of  injected ATP (1 x 10-33\). 
-3 
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Vi sua l  i n spec t ion  of t he  r eac t ion  cour se  on t h e  o s c i l l o -  
scope of the RCA Unit showed t h a t  t h e  a r s e n a t e  e x t r a c t  g a v e  a n  ATP 
response, which while not having as h i g h  a n  i n i t i a l  i n t e n s i t y  as t h e  
Tris  extract,  did  not  decay  as  rapidly.  This  would  explain  the 
comparable  responses  of  the  two  extracts  when  the  reaction  was 
measured  over  a  thirty-second  counting  period.  It  was  observed 
by Strehler  and  Totter (11) that  arsenate  ion  prevented  the  rapid 
decay  of  bioluminescence. 
The  effectiveness  of  certain  other  buffers  as  extracting 
agents  was  studied.  These  buffers  were  sodium  pyrophosphate,  sodium 
tripolyphosphate,  and  potassium  thiocyanate.  Although  these  buffers 
have  been  widely  used  as  extracting  agents,  two  of  them,  namely, 
pyrophosphate  and  tripolyphosphate,  would  be  expected  to  interfere 
in  the  bioluminescent  reaction.  They  would , therefore,  have  to  be 
removed  prior  to  use  of  the  enzyme  for ATP assay.  The  comparison 
of  the  above  described  buffers  was  carried  out  as  follows: 
Four 250 mg  quantities  of an acetone  powder  of  firefly 
lanterns  were  weighed  out  and  extracted  respectively  with 0.05 M 
arsenate  buffer,  pH 7.4; 0.05 M tripolyphosphate,  pH 7.4; 0.05 M 
pyrophosphate, pH 7.4. The  extraction  consisted  of  adding 0.5 ml 
of  the  buffer (2 C) to  the  acetone  powder  after  which  the  suspension 
was  allowed  to  stand,  with  frequent  stirring,  in an ce  bath  for 
15 minutes.  At  the  end  of  this  time,  the  suspension  was  centrifuged 
at 10,000 rpm  for  five  minutes. 
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The  supernatant  was  decanted  off  and  placed  in  the  ice 
bath  while  the  residue  was  re-extracted  as  before.  After  centrifugation, 
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t h i s  s u p e r n a t a n t  was added t o  t h e  f i r s t .  
After  assay the crude extracts  were then placed on Sephadex 
G-25 columns* (10 rn x 150 mm) which had been equ i l ib ra t ed  wi th  0.05 M 
a r sena te  bu f fe r ,  pH 7.4. The columns  were e lu t ed  wi th  0.05 M a r sena te  
bu f fe r  a t  pH 7.4. This treatment would be expected to  replace the 
e x t r a c t i n g  b u f f e r  w i t h  a r s e n a t e  b u f f e r .  The l u c i f e r a s e  emerging  from 
t h e  columns was assayed for ATP response. The r e s u l t s  a r e  g i v e n  i n  
Table 3 below. 
Table 3 
E f f e c t  of Various Buffers as Ex t rac t an t s  of Acetone Powder 
Inherent  Light Net ATP Response 
c /30   sec  c/30 sec 
Arsenate 
A r s e n a t e  a f t e r  G-25 
Tripolyphosphate 
Tr ipolyphosphate  a f te r  G-25 
Fyrophosphate 
Pyrophosphate a f t e r  G-25 
Thiocyanate 
Thiocyanate  a f te r  G-25 
1,079 , 196 
244,811 
1 , 708,099 
1,569,314 
1,050,155 
949,744 
59,494 
58,507 
600,544 
262,736 
0 
16,063 
26,683 
5 , 743 
18,946 
61,650 
* 
This  technique  wi l l -be  descr ibed  in  a l a t e r  s e c t i o n .  
Reaction  Mixture 
0.1 m l  o f  ex t r ac t  
0.1 m l  o f  l u c i f e r i n  (0.5 mg/ml) 
0.1 m l  of MgS04 (0.02 M) 
* 
0.01 m l  of ATP (1 x 10-3e) 
Counting period - 30 seconds 
Instrument - NASA Unit 
Luci fe r in  is  r equ i r ed  he re  because  the  na tu ra l  l uc i f e r in  
i s  separa ted  from luciferase during passage through the Sephadex 
column . 
The resu l t s  descr ibed  above  are  somewhat d i f f i c u l t  t o  
i n t e r p r e t ,  e s p e c i a l l y  t h o s e  a f t e r  p a s s a g e  of the  ex t rac ts  th rough 
t h e  Sephadex G-25 columns. I n  view  of t h e  work of McElroy, e t  a l .  
( 3 ) , i n  which they  repor ted  tha t  the  base  l ine  leve l  of  b io luminescence  
was increased by t h e  a d d i t i o n  of pyrophosphate and tripolyphosphate, 
t he  h igh  inhe ren t  l i gh t  l eve l  of the non-chromatographed extracts 
prepared  with  the compounds i s  no t  su rp r i s ing .  The noteworthy 
observa t ions  here  are: (1) t h e  i n h e r e n t  l i g h t  level of t h e  e x t r a c t s  
prepared using t r ipolyphosphate  and pyrophosphate i s  not reduced by 
passage through Sephadex 6-25, a procedure which effectively removes 
any low molecular weight compounds from t h e  enzyme s o l u t i o n ,  and 
(2) t he  inh ib i t i on  o f  l i gh t  r e sponse  wi th  these  two buf fe r s  on t h e  
*The p repa ra t ion  o f  l uc i f e r in  i s  desc r ibed  in  Sec t ion  111, D. 
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a d d i t i o n  of ATP. The r e su l t s  s een  wi th  th iocyana te  are d i f f i c u l t  
t o  e x p l a i n  b u t ,  i n  any event ,  the  responses  wi th  it were too  inh ib i t ed  
t o  j u s t i f y  f u r t h e r  c o n s i d e r a t i o n  of t h i s  e x t r a c t a n t .  
One poss ib le  reason  for  the  cont inued  h igh  inherent  l igh t  
l eve l s  i n  the  t r i po lyphospha te  and pyrophosphate  extracts  af ter  
chromatography i s  t h a t  t h e  b u f f e r  i o n s  a r e  so t i g h t l y  bound t o  p r o t e i n  
m a t e r i a l  t h a t  t h e y  a r e  n o t  removed. The inh ib i to ry  e f f ec t s  o f  py ro -  
phosphate may be explained as being caused by pyrophosphate forcing 
t h e  f i r s t  r e a c t i o n  s t e p  t o  t h e  l e f t  s i n c e  p y r o p h o s p h a t e  i s  a product 
of the f i rs t  s tep.  This  would,  however ,  not  be the case with t r i -  
polyphosphate. This would ind ica t e   t he   poss ib i l i t y   t ha t   a l t hough  
the re  is  more a c t i v e  enzyme a v a i l a b l e  f o r  r e a c t i o n ,  t h a t  t h e r e  is  a 
product  re leased by the t r ipolyphosphate  which competes with added 
ATP f o r  l u c i f e r a s e .  As  w i l l  be  d i scussed  l a t e r ,  it i s  bel ieved  that .  
t h i s  competing product i s  ATP which i s  i n  a s t a t e  more favorable  
fo r  r eac t ion  wi th  the  enzyme than exogenous ATP. 
D. P repara t ion   of   Luci fe r in  
One o f  t he  ma jo r  l imi t ing  f ac to r s  i n  the  u l t ima te  sens i -  
t i v i t y  of the   b io luminescent   reac t ion  is  i n h e r e n t  l i g h t .  The 
assumption which has governed the experiments for i t s  e l imina t ion  
has been t h a t  i t  is caused by the presence of bound endogenous ATP. 
Certain experiments which w i l l  be  descr ibed la ter  provide some 
confirmation  of  this  assumption. 
The  most  obvious  approach  to  the  removal  of  inherent  light, 
if  our  basic  assumption  was v lid, was  the  removal  of ATP and ATP 
precursors  from  the  enzyme  extract. As any  purification  of  luciferase 
will  result  in  the loss of  luciferin,  it  was  necessary  to  set  up 
techniques  for  its  preparation.  These  are  described  below. 
It was  first  attempted  to  isolate  luciferin  from  the  crude 
enzyme  extract  described  above.  This  was  carried  out  using  a  method 
described  by  Bitler  and  McElroy (6). The  procedure  is  given  below. 
Acetone  powder (2.3 grams)  in 23 ml of  water  was  sonically 
disrupted for five  minutes in an ice  bath.  The  resulting  slurry  was 
then  centrifuged  at 10,000 rpm  for  ten  minutes.  The  pH  of  the  super- 
natant  was  adjusted  to 3.5 with 0.5 N HC1, and  the  resulting  pre- 
cipitate  was  removed  by  centrifugation  at 10,000 rpm  for  ten  minutes. 
The  supernatant (45 ml)  was  extracted  four  times  with  a  total  volume 
of 44.8 ml of  ethyl  acetate.  The  emulsion  which  formed  on  mixing 
was  broken  by  centrifugation  in  the  clinical  centrifuge  at  1700 x G 
for 15 minutes.  The  remaining  interface  solids  were  returned  each 
time  to  the  water  phase. 
The  pooled  ethyl  acetate  fraction  was  washed  with 1.64 ml 
of  water  at  pH 3.5 and  the  water  removed  by  centrifugation  in  the 
clinical  centrifuge  at  maximum  speed  for 15 minutes.  The  extract 
was  then  taken  to  dryness  under  vacuum  at 25 C  using  a  flash  evaporator. 0 
The dry  res idue  was taken up i n  11 m l  of water a t  pH 8.3. 
The crude lucifer in  prepared above was t hen  pu r i f i ed  by 
p a r t i t i o n  chromatography using a column descr ibed below. 
A mixture of butanol (1240 ml),  chloroform (138 ml) and 
water (459 m l )  was prepared and  allowed t o  e q u i l i b r a t e .  The mixture 
was s epa ra t ed  in to  two phases,  a butanol chloroform phase, and a 
water phase (adjusted to  pH 7 with  0.1 N NaOH). 
C e l i t e  (120 grams) was washed with 500 m l  of 6N HC1 and 
then  wi th  su f f i c i en t  wa te r  t o  remove excess  acid.  The c e l i t e  was 
then oven dried a t  130 C for  th ree  hours .  0 
The d r i e d  c e l i t e  was mixed with 60 ml of the water phase 
prepared  above.  This powdery mixture was t h e n  t i g h t l y  packed by 
a l i q u o t s  i n t o  a chromatography column (50 mm x 500 mm) using a c l o s e  
f i t t i n g  tamper. 
Luc i f e r in  (5 m l )   a f t e r   a d j u s t i n g   t o  pH 7.0 + - 0.1N H C 1  
was mixed wi th  10 grams of d r i e d  c e l i t e .  The mixture  was placed 
on top  o f  t he  ce l i t e  column. 
The column was then eluted with the butanol-chloroform 
mixture.  The r a t e  of e l u t i o n  was 150 ml/hour with 10 m l  f r a c t i o n s  
be ing  co l lec ted .  
The fract ions were assayed spectrophotometr ical ly  a t  
327 rrll.l (absorp t ion  m a x i m a  of l u c i f e r i n ) .  S e e  Figure 3. 
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Figure No. 3 - Chromatography  of  natural  uciferin. 
The pooled fract ions were ex t rac ted  wi th  100 m l  of water 
a t  pH 8 . 3 .  The water phase was shown t o  be  ac t ive  in  the  b io luminescent  
react ion.  
It was recognized  ear ly  tha t  it would r e q u i r e  a n  excessive 
amount o f  na tu ra l  material t o  i s o l a t e  t h e  q u a n t i t i e s  o f  l u c i f e r i n  
necessary for  m a x i m a l  l igh t  emiss ion  by g iven  quant i t ies  of  ATP. For 
t h i s  r e a s o n ,  it w a s  dec ided  to  chemica l ly  syn thes i ze  luc i f e r in .  The 
procedure  employed is  one  developed by White, e t  a l .  (12).  It is  
d e s c r i b e d  i n  d e t a i l  i n  Appendix I. The determination of the opt imal  
l uc i f e r in  concen t r a t ion  w i l l  be  descr ibed la te r .  
E .  Pur i f ica t ion   of   Luci fe rase  
1. Column Chromatography 
a. Sephadex  Molecular  Sieve  Gels 
A technique which appeared promising as a means f o r  removal 
of ATP was  molecular-sieve  chromatography.  Separation by th i s  t ype  
of chromatography is  dependent on molecular dimension i n  c o n t r a s t  
to ion-exchange chromatography which is  a function of molecular 
charge  e f fec ts .  The most  widely used s ta t ionary phase for  molecular-  
sieve chromatography are  a r t i f i ca l ly  c ros s - l inked  po lyg lucose  
(dextran) chains.  Standardized cross -l inked dextrans are ob ta inab le  
from  Pharmacia  Fine  Chemicals  under  the  trade name of  Sephadex. The 
amount of  c ross - l ink ing  in  th i s  th ree  d imens iona l  ne twork  of  dext ran  
chains  determines the maximal s i z e  of a molecule which may p e n e t r a t e  
i n t o  t h e  i n t e r i o r  of the network, i .e. ,  t h e  g r e a t e r  the cross- l inkage,  
t h e  smaller i s  t h e  m a x i m a l  s ize  of  the  pene t ra t ing  molecule .  Because  
of i t s  hydrophilic character,  Sephadex swells considerably when placed 
i n  water, forming  ge l  gra ins .  The degree of swelling is  determined 
by the  degree  of c ros s - l i nk ing .  
When a so lu t ion  con ta in ing  a mixture of low and high 
molecular  s ize  spec ies  i s  introduced onto the surface of a column 
packed with a Sephadex g e l ,  t h e  small molecules enter the pores of 
t he  ge l  wh i l e  t he  l a rge  molecu le s  are conf ined  to  the  l i qu id  medium 
e x t e r n a l  t o  t h e  g e l  p r o p e r .  E l u t i o n  w i t h  e i t h e r  water o r  a s a l t  
so lu t ion  b r ings  abou t  s epa ra t ion  o f  t he  two s i z e s  of molecules. The 
small molecules by v i r t u e  of r e t a r d a t i o n  w i t h i n  t h e  g e l  are e lu t ed  
a f te r  the  la rger  molecules .  
The following types of Sephadex molecular sieve gels have 
been used i n  t h e s e  i n v e s t i g a t i o n s .  
Sephadex G-25 - Excludes molecules with a molecular weight 
g rea t e r  t han  5,000.  
Sephadex G-50 - Excludes molecules with a molecular weight 
g rea t e r  t han  10,000. 
Sephadex G-100 - Excludes molecules with a molecular weight 
g rea t e r  t han  100,000. 
Sephadex G-200 - Excludes molecules with a molecular weight 
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grea te r  t han  200,000. 
b. Prepara t ion  of Sephadex Gels 
(1) Sephadex G-25 
Sephadex G-25 (25 grams) was placed in an excess of 0.01 M 
-3 Tris-10 M Versene-10 M MgS04, pH 7.4 and  allowed t o  swell over- 
n igh t .  
-3 
A water jacketed column maintained a t  5OC (500 nrm x 25 mm) 
w a s  packed w i t h  t h e  g e l  t o  a height of 340 mm. 
The volume of e luent  necessary to  e lute  an excluded mole-  
cu le  from the  column (void volume) was determined by t h e  u s e  of 
hemoglobin.  After  placing  hemoglobin on the  su r face  of t he  column, 
Tris-Versene-MgSO (as used  in  prepara t ion  of g e l )  was passed  through 
u n t i l  t h e  r e d  c o l o r e d  p r o t e i n  had l e f t  t h e  column. The void volume 
w a s  82.5 ml. 
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(2) Sephadex G-50 
F i f t e e n  grams of Sephadex G-50 beads were allowed t o  s w e l l  
ove rn igh t  i n  500 m l  of 0.1 M T r i s ,  pH 7.4 containing Versene a t  a 
concentrat ion  of  1 x 10 M .  A chromatographic column (20 m x 250 mm) -3 
was packed t o  a height of 175 mm with the Sephadex gel suspension. 
The column w a s  water jacketed and kept  a t  5OC. 
(3 )  Sephadex G - 1 0 0  
Sephadex G-100 (20 grams) w a s  placed in an excess of 0.01 M 
Tris-0.001 M MgSO -0.001 M Versene, pH 7.4 and allowed t o  swell f o r  
48 hours. 
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A water jacketed column (100 cm x 25 nun) was packed t o  a 
height  of  70 cm wi th  the  G-100 g e l .  An a d d i t i o n a l  10 cm of  Sephadex 
G-25 was layered upon t h e  s u r f a c e  of t h e  G-100 ge l .  The column was 
then washed with 100 m l  of b u f f e r  s o l u t i o n  u s e d  i n  p r e p a r a t i o n  o f  
t h e  g e l .  
(4) Sephadex G-200 
The same procedure is  followed as f o r  t h e  G-100. 
(5 ) DEAE -S ephadex 
DEAE-Sephadex i s  obtained by the  in t roduc t ion  o f  d i e thy l -  
aminoethyl  groups  into  Sephadex.  These  posit ively  charged  groups 
form i o n i c  bonds with  anions.  The an ions  can ,  in  tu rn ,  be  d isp laced .  
by an ion ic  bu f fe r s  w i th  the  ease of displacement being a s p e c i f i c  
property of the bound anion.  Thus, a mixture of molecules bound t o  
t h e  DEAE-Sephadex may be separated on the  bas i s  of  the  rate o f  d i s -  
placement by t h e  e l u e n t  a n i o n i c  b u f f e r .  
DEAE-Sephadex was prepared for  use as fol lows:  
Five grams of DEAE-Sephadex A-50 w e r e  s t i r r e d  i n t o  300 m l  
of d i s t i l l e d  water. After one hour of standing, the excess water 
was decanted from the solut ion,  and then  the  remain ing  so lu t ion  was 
brought up t o  300 m l .  
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The  swollen  gel  was  washed  in  a  Buchner  funnel  with  500 ml 
of  0.5N HC1, followed  by 500 ml of  distilled  water. It was  then 
washed  with  500 ml of  0.5N NaOH, followed  by 500 ml of  distilled 
water.  The  gel  was  neutralized  to  pH 7.4 with 0.5N HC1. It was 
finally  washed  with  500 ml of 0.01 M Tris  buffer. 
DEAE-Sephadex  A-50  was packed  into  a  column  (20 nun x 250 nun) 
to  a  height  of 180 nun. 
c. Fractionation  with  Various  Gels 
Eluent  fractions  from  the  various  columns  used  in  these 
studies  were  collected  using  a  Buchler  automatic  fraction  collector. 
Provisions  were  made  for  continuous  cooling  of  the  fractions (5 C). 
Results  obtained  with  the  various  gels  are  described  below. 
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(1) Fractionation  of  Acetone  Powder  Extracts 
with  Sephadex G-50 
The  purpose  of  these  experiments  was  to  determine  the 
effectiveness  of  Sephadex G-50 in  the  separation  of  luciferase  from 
luciferin,  and  also  its  effect  on  inherent  light. 
The  gel  was  equilibrated  with 0.1 M Tris  (pH 7.4) - 0,001 M 
Versene.  The  column  was  packed  to  175 nun and  15 ml  of  acetone  powder 
extract  was  added  to  the  column.  The  eluent  was  the  same  solution 
as  that  used  for  the  equilibration. 
Fractions  were  collected  in 3 ml volumes  and  assayed  for 
ATP  activity.  The  fractions  were  also-  assayed  spectrophotometrically 
fo r  p ro te in  us ing  the  Fo l in -C ioca l t en  method. 
Forty-four 3 m l  c u t s  of t h e  f r a c t i o n  were col lec ted  dur ing  
a four  -hour  period. 
By U.V. detect ion of  f luorescence,  it was observed that  
tubes #23-44 con ta ined  the  luc i f e r in  f r ac t ion .  
A l l  o f  t he  f r ac t ions  were frozen and stored overnight.  
The fol lowing react ion mixture  was used  for  the  ATP as say :  
0 .1  m l  o f  f r ac t ion  
0.5 m l  o f  luc i fe r in  (prepared  f rom f i re f ly)  
0.4 ml of 0.05 M Tris-0.01 M MgS04 s o l u t i o n  
0.1 m l  of ATP ( l o p )  i n j e c t e d  
Instrument - RCA Unit 
The r e s u l t s  are desc r ibed  in  F igu re  4 .  It can  be  noted 
t h a t  t h e  l u c i f e r a s e  a c t i v i t y  is  assoc ia ted  wi th  the  f rac t ions  con-  
t a in ing  the  h ighes t  quan t i ty  o f  p ro te in .  
(2) Fractionation  of  Acetone Powder Extract 
by Sephadex G-50 and DEAE-Sephadex  A-50 
DEAE-Sephadex w a s  employed h e r e  i n  a n  a t t e m p t  t o  s e p a r a t e  
l u c i f e r a s e  from contaminating proteins.  
Acetone powder extract (8 m l )  w a s  added t o  a Sephadex G-50 
column  and e lu ted  wi th  0.01 M Tris-0.001 M Versene. Rate of flow 
of  the  column was 50 ml/hour. 
The f r a c t i o n s  were assayed for  ATP a c t i v i t y .  
The r e s u l t s  are shown in  Tables  4 and 5 .  
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Figure No. 4 - The fractionation of a firefly extract  with  Sephadex 6-50. 
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Reaction  Mixture  (unless  otherwise  indicated) 
0.1 ml fraction ( 5  rnl cuts) 
0.4  ml MgS04-Tris  buffer 
0.05 rnl luciferin (1:lO dilution)  of  fraction  from 
S ephadex  column 
0.1 ml ATP ( l o p )  injected 
Instrument - RCA  Unit 
Table 4 
Fractionation  of  Acetone  Powder  Extract  with  Sephadex G-50 
Volume  of 
Enzyme 
0.1 ml 
0.1 ml 
0.05 ml 
0.05 ml 
(+ 0.06 ml 
luciferin) 
0.1 ml 
0.1 rnl 
0.1 ml 
0.1 ml 
0.1 ml 
0.1 rnl 
0.1 rnl 
0.1 ml 
I.L. (mv) 
0 
9 
84 
8 
5 
1.4 
1.2 
0 .8  
0 . 2  
0 
0 
0 
0 
ATP  Response 
(mv) 
0 
88,000 
116,000 
40,000 
16,000 
3,500 
800 
800 
7 60 
30 
26 
24 
10 
mv  /ml 
of  extract 
0 
88,000 
2,320,000 
800,000 
160,000 
35,000 
8,000 
8,000 
7 , 600 
300 
260 
240 
100 
ATP/I.L. 
0 
9,777 
1,381 
5,000 
3,200 
2 50 
66.6 
100 
380 
-" 
-" 
-" 
-" 
Fractions  numbered 2 ,  3 ,  4, 5 .  and 6 were  pooled  and  added 
to  enough  dry  Sephadex G-50 to  form  a  thick  slurry.  The  slurry  was 
allowed  to  stand  for  ten  minutes  and  then  was  centrifuged  at  maximum 
speed  for  ten  minutes.  Volume  of  the  supernatant  was 4 ml. 
The  supernatant  was  assayed  for  ATP  activity. 
Reaction  Mixture 
Concentrated  enzyme (as  indicated) 
0.05 ml  luciferin (1:lO) 
0.04 ml MgS04-Tris  buffer (0.05 M) 
0.01 ml ATP ( l o @ )  injected 
Table 5 
Assay  of  Concentrated  Active  Fractions  from  Sephadex G-50
S amp  le I.L. (mv) ATP (mv) 
#l 0.05 ml concentrated 6.2 116,000 
extract 
82 0.05 ml  of 1:lO 0.2 4,000 
dilution of above 
#3 0.05  ml* re- 12.0 50,000 
extracted  residue 
mv/ml  of ATP/I.L. 
extract 
2,320,000 18709 
800,000 2000 
1,000,000 4 160 
*Residue  of  the  pooled  extracts  were  re-extracted  with 4 ml 
of 0.01 M Tris-0.001 M Versene  and  centrifuged  at  maximum 
speed  for  ten  minutes. 
The  two  supernatants  from  the  concentration  process  were 
pooled,  added  to  a  DEAE-Sephadex A-50  column,  and  eluted  with  a 
gradient  elution  of 1 M Tris-0.001 M Versene  (500  ml)  into 0.01 M 
\ 
Versene (500 ml) . 
The  fractions  were  assayed for ATP activity. 
Reaction  Mixture 
0.2 ml fraction (5 ml cuts) 
0.005 ml luciferin (1:lO) 
0 . 3  ml MgS04-Tris  buffer 
0.1 ml  ATP (10s) injected 
Instrument - RCA  Unit 
See  Figure 5 for  results. 
Although  a  rather  sharp  separation f the  luciferase 
activity  was  achieved by the  use  of DEAE, the  long  period of time 
required  for  the  fractionation (42 hours)  makes  it  somewhat  imprac- 
tical  for  routine  use. 
(3)  Sephadex G-25-G-200 Fractionation 
Sephadex G-25-G-200 was  used  here  for  protein  separation. 
Acetone  powder (0.5 grams)  was  extracted  with  a  total  volume  of 
10 ml of 0.01 Tris-0.001 M Versene-0.001  M  MgS04.  The  yield  was 
7.4 ml. 
The 7.4 ml was  placed on  a  Sephadex G-25-G-200 column  and 
eluted  with  the  Tris-Versene-MgSO  solutions.  Flow  rate  of  the  column 
was 20 ml/hour. 
4 
The  fractions  were  assayed  for  ATP  activity  and  protein 
content.  See  Figure 6 for  results. 
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Fig. 5-  Fractionation of firefly  extract  with  Sephadex 
G - 5 0  and DEAE Sephadex A - 5 0 .  
33 
w 
-F 
2.0 
I .6.  
- 
CI - 
\ 1.2 E 
E 
0, 
v 
e 
C 
Q) 
C 
0 
c 
1.0 
.- c 
Q 
c 
a 2 
0.6 
I $ 1  1 i 
0' . 75 95 I35 155 175 I95 215 235 255 275 295 3 1  5 335 
!80 
!OO 
D 
-I 
0 
0 
2 
20 1 
2 
Y - 
\ 
3 - 
Y 
40 
Volume  of  eluant (ml) 
Figure No. 6 - Fractionation  of  firefly  extract  with  Sephadex G -200. 
A pr imary  d i f fe rence  be tween the  e lu t ion  curve  shown he re  
and that  seen using Sephadex G-50 is  t h a t  t h e  maximal l u c i f e r a s e  
a c t i v i t y  i s . n o  l o n g e r  a s s o c i a t e d  w i t h  t h e  maximum protein concentrat ion.  
T h i s  i n  i t s e l f  i n d i c a t e s  a h igher  degree  of  pur i f ica t ion .  The curve 
fo r  i nhe ren t  l i gh t  wh ich  shows a minima coinc id ing  wi th  the  maximum 
ATP response should not  be considered val id  as subsequent  f ract ion-  
a t ions  r epea ted ly  showed t h a t  t h e  maximum inhe ren t  l i gh t  co inc ided  
wi th  the  maximum ATP response. 
Complete removal of luciferase from the Sephadex G-200 
column required approximately 18 hours. 
(4)  Fractionation  of  Acetone Powder Ex t rac t  
wyth sephadex G-  100 
An acetone powder e x t r a c t  (5 m l  from 500 mg of acetone 
powder) was placed on the  Sephadex G-100 column. The column was 
e lu ted  wi th  0.05 M Tris-Versene-MgSO  which was previously described. 4 
Reaction Mixture for Assay 
0.1 m l  o f  l u c i f e r i n  (1 mg/ml) 
0.1 m l  of MgS04 (0.01 M) 
0.1 m l  of enzyme extract  
0.01 m l  of ATP (1 x ~ o - ~ B )  
The r e s u l t s  are  desc r ibed  in  F igu re  7. The assay was 
ca r r i ed  ou t  w i th  the  NASA Unit. The e l u t i o n  of l u c i f e r a s e  was com- 
p l e t e  i n  s ix  hours .  In  view of  the  h igh  ac t iv i ty  of  the  f rac t ions  
obtained using Sephadex G-100 and t h e  s h o r t  time per iod  requi red ,  
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Figure No. 7 - Fractionation of firefly extract with Sephadex G-100 
t h i s  g e l  i s  cons idered  the  bes t  for  rout ine  use .  However, i f  a t  a 
f u t u r e  d a t e ,  i t  is  dec ided  to  a t tempt  a higher  degree of l u c i f e r a s e  
p u r i f i c a t i o n ,  i t  may be  necessa ry  to  employ gels  such as Sephadex 
6-200 and DEAE S ephadex. 
F. Removal of  Inherent  Light 
A s  has  been  previous ly  s ta ted ,  it is  bel ieved by t h e  
writer t h a t  i n h e r e n t  l i g h t  i s  caused by the presence of endogenous 
ATP. The obse rva t ions  tha t  i nhe ren t  l i gh t  was not  removed by Seph- 
adex  chromatography  would i n d i c a t e  t h a t  t h e  f a c t o r s  r e s p o n s i b l e  f o r  
i n h e r e n t  l i g h t  are bound t o  p r o t e i n  material i n  a t igh t  fash ion .  
With t h i s  as a r a t i o n a l e ,  a number of experiments w a s  des igned  to  
a t t empt  to  remove contaminating ATP. They w i l l  be described below. 
1. Crys t a l l i za t ion   o f   Luc i f e ra se  
The e f f e c t s  of c r y s t a l l i z a t i o n  of l u c i f e r a s e  upon the  
magnitude of i n h e r e n t  l i g h t  were inves t iga ted  here .  The procedure 
descr ibed by Green and McElroy (10) was employed. 
Acetone powder (5 grams) w a s  ex t rac ted  wi th  1 7  m l  of 
1 x M Versene  and 1 .7  m l  of 1N NaOH. The crude  suspension 
a f t e r  s t a n d i n g  f o r  10 t o  15 minutes was cen t r i fuged  a t  3,000 rpm 
for  ten minutes .  The r e s idue  w a s  r e - ex t r ac t ed  twice with 10 m l  
portions  of 1 x 10 M Versene  and 0.17 m l  of 1N NaOH. The  combined -3 
extracts were centr i fuged a t  13,000 rpm f o r  30 minutes. The volume 
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of  the supernatant  was 28 m l .  The  enzyme and  the  luc i fe r in  remained  
in  the  supe rna tan t .  
Calcium phosphate gel, a t  pH 7.5,  was  measured and c e n t r i -  
fuged a t  10,000 rpm for  ten  minutes ,  and  the  superna tan t  was discarded.  
Three par ts  of  the crude enzyme extract (28 m l )  were mixed with one 
p a r t  of prepared calcium phosphate gel ( 9 . 3  m l  containing 16 t o  1 7  mg 
of the gel/ml).  The mixture  was cen t r i fuged  a t  10,000 rpm f o r  t e n  
minutes. 
The supernatant  (26 m l )  from t h e  f i r s t  g e l  t r e a t m e n t  was 
mixed, as descr ibed in  the preceding paragraph,  with 2 and 1/2 times 
t h e  volume  of  calcium  phosphate  gel (10.4 m l ) .  The l u c i f e r a s e  was 
absorbed,   and  the  lucifer in   remained  in   the  supernatant .  The super-  
n a t a n t  was saved  for  luc i fe r in  recovery .  
The l u c i f e r a s e  was e lu t ed  from the  ge l  w i th  co ld  20% sat-  
u ra t ed  (0.82 M) (NH ) SO i n  0.001 M Versene a t  pH 8.0. Three  e lu t ions  
of 1 7  m l  each were made  by cen t r i fug ing  a t  10,000 rpm for  ten  minutes .  
The combined e l u e n t  t o t a l e d  52 m l ,  and was a d j u s t e d  t o  pH 8.0. 
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A 40% s a t u r a t e d  f r a c t i o n  o f  (NH4)2S04 (12.64 grams) was 
made of t h e  52 m l  of  so lu t ion .  The so lu t ion  s tood  a t  room temper- 
a tu re  fo r  t en  minu tes ,  and was then  cent r i fuged  a t  13,000 rpm f o r  
15 minutes. The supernatant  (56 m l )  was poured  off.  The tubes were 
a l lowed  to  d ra in  fo r  f ive  minu tes ,  and t h e n  t h e  p r e c i p i t a t e s  were 
d i s so lved  in  a t o t a l  o f  5 m l  of 0.001M Versene - pH 8 .0 ,  and set  
a s i d e  i n  ice. 
The 56 m l  of supernatant were taken up t o  50% s a t u r a t i o n  
with (NH4)2S04 (3.53 grams) and t r e a t e d  i n  t h e  same manner as t h e  
40% solut ion.  Subsequent  f ract ions of  (NH4)2S04 a t  60% (3.63  grams 
i n  55 m l )  and 70% (3.8 grams i n  56 m l )  were prepared and t reated as 
t h e  40% and 50% concentrat ions.  
The f r a c t i o n s  were a s sayed  fo r  i nhe ren t  l i gh t  and ATP 
a c t i v i t y ,  and fo r  p ro te in  con ten t .  Inhe ren t  l i gh t  and ATP response 
were determined using the following reaction mixture:  
0.01 m l  o f  l u c i f e r i n  ( p u r i f i e d )  
0.1 m l  of enzyme extract 
0.9 m l  of MgS04-Tris 
0.1 m l  of ATP (103) 
Protein content  w a s  determined spectrophotometrically a t  280 mp. 
See Figure 8 f o r  r e s u l t s  of the  assays .  
The nex t  s t ep  in  the  p rocedure  w a s  t h e  c r y s t a l l i z a t i o n  
of t h e  l u c i f e r a s e  by d ia lys i s .  Al though the  40% f rac t ion  exh ib i t ed  
t h e  g r e a t e s t  a c t i v i t y ,  t h e  50% and 60% f r a c t i o n s  were a l s o  s e l e c t e d  
f o r  d i a l y s i s .  
Each of t h e  t h r e e  f r a c t i o n s  was p l a c e d  i n  s e p a r a t e  d i a l y s i s  
bags, and the bags suspended in a low sal t  so lu t ion  o f  0.001 M Ver- 
sene,  0.01 M N a C 1 ,  and 0.002 M NaHP04 - pH 7.3. The f rac t ions  were  
dialyzed  overnight.  The contents  of  each  bag  were  centrifuged  for 
ten  minutes  a t  10,000 rpm. The c r y s t a l l i n e  p r e c i p i t a t e  ( p r e s e n t  
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i n   t h e  40% only) was taken up with 5 m l  of a 0.001M Versene - 0.4 M 
( N ' H ~ ) ~ S O ~  s o l u t i o n  - pH 8.0. 
The 40% c r y s t a l l i n e  p r e p a r a t i o n  was assayed  for  inherent  
l i g h t  and ATP a c t i v i t y .  The c r y s t a l l i n e  p r e p a r a t i o n  was t e s t e d  a l o n e ,  
and then tes ted with CoA. See  Figure 8. 
Although a cons ide rab le  dec rease  in  the  inhe ren t  l i gh t  is  
obse rved  on  the  c rys t a l l i za t ion  o f  l uc i f e ra se ,  t he re  i s  a l s o  a con- 
comitant  decrease in  the ATP response.  This renders an assessment of 
t h i s  t e c h n i q u e  d i f f i c u l t  as t h e  d e c r e a s e  i n  i n h e r e n t  l i g h t  c o u l d  b e  
caused by e i t h e r  a dec rease  in  inhe ren t  l i gh t  pe r  se or merely the 
d e c r e a s e  i n  t h e  o v e r a l l  a c t i v i t y .  The l a rge  amount o f  s t a r t i n g  
material r e q u i r e d  f o r  c r y s t a l l i z a t i o n  made fu r the r  s tud ie s  a long  
these   l ines   imprac t ica l .  
2. The Crys t a l l i za t ion  o f  Luc i f e ra se  F rac t ions  From t h e  
Sephadex G-50 Column 
On the  bas is  of  luc i fe rase  be ing  a euglobulin and thus 
i n s o l u b l e  i n  v e r y  d i l u t e  s a l t  s o l u t i o n s ,  i t  was decided to  a t tempt  
a s e l e c t i v e  c r y s t a l l i z a t i o n  of t h e  l u c i f e r a s e  p r e s e n t  i n  t h e  p r o t e i n  
f r a c t i o n  from a Sephadex G-50 column. 
Acetone powder extract (2.5 m l )  was placed on a Sephadex 
G-50 column (pre-washed with 0.01 M Tris-0.001 M Versene) and eluted 
wi th  the  same Tris-Versene  solut ion.  The f r a c t i o n s  were assayed  for  
i nhe ren t  l i gh t  and  ATP ac t iv i ty .  See  F igu re  9. 
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Figure No. 9-Crystallization of   luc i ferase a f t e r  pur i f icat ion 
on Sephadex G - 5 0 .  
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Eluent volumes 15, 20, and 25 milliliters were the most 
a c t i v e  f r a c t i o n s ,  so they were pooled  for  d ia lys i s .  The pooled 
extracts were centr i fuged a t  10,000 rpm for  ten  minutes ;  there  was 
no p rec ip i t a t e .   See   F igu re  9 f o r   a s s a y   r e s u l t s .  The s o l u t i o n  was 
then concentrated down from 10.5 m l  t o  3 . m l .  
The concentrat ion process  w a s  as follows: 
F i c o l l  (5 grams) was p laced  in  a d i a l y s i s  bag which was 
p laced  in  a 50 m l  graduated cylinder.  The l u c i f e r a s e  f r a c t i o n  was 
poured  onto  the  d ia lys i s  bag  in  the  cy l inder .  The volume was reduced 
from 10.5 ml t o  3 ml a f t e r  two hours .  See  assay  resu l t s  in  F igure  9. 
The 3 m l  of  concent ra ted  luc i fe rase  were p l aced  in  a d i a l y s i s  
bag and placed into a 0.001 M Versene bath. It was l e f t  t o  d i a l y z e  
overnight.  The con ten t s  o f  t he  d i a lys i s  bag were centr i fuged a t  
10,000 rpm for   ten  minutes .  The r e s u l t i n g  c r y s t a l l i n e  p r e c i p i t a t e  
was taken up with 5 m l  of a 0.001 Versene - 0.4 M (NH ) SO s o l u t i o n  - 
pH 8.0. The supernatant  was a l so  saved  fo r  ana lys i s .  
4 2  4 
The reac t ion  mixture  for  each  ATP assay w a s :  
0.01 m l  of enzyme (except 0.005 m l  c rude  ex t r ac t )  
0.5 m l  of MgS04-Tris bu f fe r  
0.01 m l  o f  l u c i f e r i n  
0.1 m l  ATP (10 8 )  i n j e c t e d  
The r e s u l t s  are descr ibed  in  F igure  9. 
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It i s  s e e n  h e r e  t h a t  t h e  p r e c i p i t a t e  a f t e r  d i a l y s i s  was 
devoid  of  ac t iv i ty .  It was concluded  tha t  the  pro te in  concent ra t ion  
of  the  d ia lyzed  so lu t ion  was i n s u f f i c i e n t  f o r  c r y s t a l l i z a t i o n .  
3. Ammonium S u l f a t e   F r a c t i o n a t i o n  
I n  t h i s  e x p e r i m e n t ,  l u c i f e r a s e  was purif ied without  going 
through the calcium phosphate gel treatment as was done previously. 
The d i a lys i s  t r ea tmen t  i s  a l so  omi t ted .  
One gram of acetone powder was  ex t rac ted  wi th  a t o t a l  
volume of 10 ml of 0.01 M Tris-0.001 M Versene-0.001 M MgS04. There 
was a y ie ld  of  8.9 m l  of extract. 
To 8.4 m l  of t h e  extract ,  3.9668 grams  of s o l i d  (NH ) SO 
4 2  4 
were  added f o r  a 70% sa tu ra t ion .  Th i s  p repa ra t ion  s tood  a t  room 
temperature for ten minutes,  and was then  cent r i fuged  a t  10,000 rpm 
for ten minutes.  There were 4 m l  of supernatant.  
The supernate from the 70% sa tu ra t ed  so lu t ion  o f  (NH ) SO 
4 2  4 
(approximately 3 . 5  m l )  was placed on a Sephadex G-50 column, and 
e lu ted   wi th  0.01 M Tris-0.001 M Versene-0.001 M MgSO 
4' 
The c r u d e  extract ,  the  superna tan t ,  and  the  pro te in  f rac t ions  
were assayed for ATP a c t i v i t y .  
Reaction  Mixture 
0 .1  m l  sample (0.1 m l  of  1:lO crude  ex t rac t  and  0.05 m l  
of supernatant  
0.1 m l  l u c i f e r i n  
0.4 m l  MgSO -Tris 
0.1 m l  ATP (18) 
4 
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See Figure 10 f o r  r e s u l t s .  
Fract ions 2 through 9 (34  m l )  were pooled and 5.984 grams 
o f  s o l i d  (NH ) SO added f o r  30% s a t u r a t i o n .  The s o l u t i o n  was mixed 
and stood a t  roan temperature  for  ten minutes .  It was t h e n  c e n t r i -  
fuged a t  13,000 rpm f o r  15 minutes. There was no  p rec ip i t a t e .  
4 2  4 
To t h i s  30% s a t u r a t e d  s o l u t i o n  (37  m l ) ,  2.294 grams of 
(NH ) SO were added t o  produce 40% s a t u r a t i o n .  This mixture was 
t r e a t e d  t h e  same as w a s  t h e  30% sa tura ted  so lu t ion .  There  was very 
l i t t l e  p r e c i p i t a t e .  The p r e c i p i t a t e  was drained on f i l t e r  paper  and 
was taken up with 5 m l  of 0 . 4  M (NH ) SO -0.001 M M g S 0 4 .  This s o l u t i o n  
did not  need centr i fugat ion.  
4 2  4 
4 2  4 
To the  superna te  ( 3 8  m l )  of t h e  40% s a t u r a t i o n ,  2.394 grams 
of (NH ) SO were added t o  produce 50% sa tu ra t ion .   Th i s   so lu t ion  
and t h e  r e s u l t i n g  p r e c i p i t a t e  were t r e a t e d  as those of  the 40% 
4 2  4 
s a t u r a t i o n .  
To the  superna te  ( 3 8  m l )  of  the 50% s a t u r a t i o n ,  2.508 grams 
of (NH ) SO were added t o  produce 60% s a t u r a t i o n .  It was t r e a t e d  
as the  preceding  so lu t ions  and  prec ip i ta tes .  
4 2  4 
The s o l u t i o n s  o f  t h e  p r e c i p i t a t e s  were assayed  for  ATP 
a c t i v i t y .  
Reaction  Mixture 
0.1 ml sample 
0 . 4  m l  MgS04-Tris 
0.1 m l  l u c i f e r i n  
0.1 ml of ATP (13) i n j e c t e d  
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Figure No. 10-Pur i f icat ion o f  luc i ferase  wi th  
ammonium  sulfate.  
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Table 6 
Effec t  o f  Anunonium S u l f a t e  F r a c t i o n a t i o n  on Inherent Light and ATP 
Res pons e 
Sample I.L. (mv) ATP (mvl mv / m l  ATP/I .L. 
40% 
50% 
60% 
0.1 
3.1 
0.5 
500 5,000 5,000 
8,000 80,000 2,600 
5,000 50,000 10,000 
The g r e a t  loss i n  enzymat i c  ac t iv i ty  du r ing  the  f ina l  
ammonium s u l f a t e  f r a c t i o n a t i o n  r e n d e r s  t h i s  p r o c e d u r e  o f  l i t t l e  value.  
4. Effec t  of  Cer ta in  ATP Requiring Enzymes on Inherent  
Light 
a. Potato:  Apyrase 
This enzyme found in  po ta toes  ca t a lyzes  the  hydro lys i s  o f  
ATP to give pyrophosphate and AMP (adenosine  monophosphate). The 
prepara t ion  and  resu l t s  are  described below. 
About 250 grams of diced potatoes were homogenized f o r  
f ive  minutes  in  a Waring Blendor with 250 m l  of neu t r a l i zed  0.04 M 
KCN, pressed through cheesecloth, and the extract cen t r i fuged  4 C 
a t  10,000 rpm.for ten minutes.  The  nzyme w a s  p r e c i p i t a t e d  by the  
add i t ion ,  w i th  mechan ica l  s t i r r ing ,  o f  80.9 grams of powdered (NH ) SO 
The t o t a l  volume of  the mixture  was 330 ml. The p r e c i p i t a t e  material 
was centr i fuged a t  10,000 rpm for  ten minutes .  The p r e c i p i t a t e  was 
allowed t o  d r a i n  f o r  f i v e  m i n u t e s ,  a n d  was then taken up with 5 m l  
0 
4 2 4' 
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of  0.4 M (NH4)2S04-0.001 M Versene-0.001 M MgS04. 
Reaction  Mixture 
0 .2  m l  o f  l uc i f e ra se  (1 mglml) 
0 . 1  m l  of MgS04-Tris 
0.2 m l  of extract from Sephadex G-25 
0.1 m l  of ATP (1 x 
0.1 m l  o f  apyrase  so lu t ion  as prepared above 
Table 7 
Effect of Apyrase on Inherent  Light  and ATP Response 
Inherent   Light  (mv)  ATP Response ATP/I .L. 
(mv) 
Control  (no apyrase) 2 53 20,000 80 
Apyrase* 0 9,000 " 
*Reaction mixture containing apyrase was incubated a t  room 
t e m p e r a t u r e  f o r  t e n  m i n u t e s ,  b e f o r e  i n i t i a t i o n  o f  t h e  r e a c t i o n .  
It was conceivable,  based on t h e  r e s u l t s  p r e v i o u s l y  
descr ibed,  that  apyrase could be employed as a means of  e l iminat ing 
i n h e r e n t  l i g h t .  It i s ,  of   course ,   necessary   to  remove apyrase from 
l u c i f e r a s e  p r i o r  t o  a s s a y  i n  o r d e r  t o  o b t a i n  maximum ATP response.  
It was dec ided  to  a t tempt  the  separa t ion  us ing  a Sephadex G-25-200 
column. 
An acetone powder extract (5 m l )  was prepared. The extract 
was incubated with 1 m l  of  the apyrase prepared as descr ibed previously.  
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After incubation for one hour a t  room tempera ture ,  the  inherent  l igh t  
w a s  0. The s o l u t i o n  was then placed on the  column and e lu ted  w i t h  
0.05 M a r sena te  bu f fe r ,  pH 7.4 (10 m l  f r a c t i o n s ) .  The r e s u l t s  are 
given  be low. 
Reaction  Mixture 
0.2 m l  o f  l u c i f e r i n  (1  mg/ml) 
0 .1  m l  of MgSO -Tris 4 
0.4 m l  of e x t r a c t  ... 
Table 8 
ATP Response and Inherent Light After Apyrase Removal 
Frac t ion  No. 
4/20 
#2 1 
#2 2 
#2 3 
#24 
#2 5 
#26 
#28 
#30 
Inherent   Light  (mv) ATP (mv) 
0 
5 
20 
20 
35 
40 
20 
20 
5 
0 
600 
1000 
5000 
5000 
5000 
5000 
2000 
800 
ATP/I . L . 
"- 
140 
50 
2 50 
140 
125 
2 50 
1000 
160 
The most obvious conclusion which may be der ived from 
the  s tud ie s  r epor t ed  he re  is t h a t  t h e  f a c t o r s  r e s p o n s i b l e  f o r  i n h e r e n t  
l i g h t  a r e  a s s o c i a t e d  q u i t e  c l o s e l y  w i t h  t h e  l u c i f e r a s e  f r a c t i o n  of 
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t h e  f i r e f l y  l a n t e r n .  T h i s  i s  based  on  the  presence of i nhe ren t  
l i gh t  i n  sys t ems  con ta in ing  pu r i f i ed  luc i f e ra se  and s y n t h e t i c  
l u c i f e r i n .  The experiments   with  apyrase  indicate   ra ther   conclusively 
t h a t  t h e  r e s p o n s i b l e  f a c t o r  f o r  i n h e r e n t  l i g h t  i s  ATP. The obser- 
v a t i o n  of a r e t u r n  of i n h e r e n t  l i g h t  on removal of apyrase from the 
sys tem poin ts  to  a t i gh t  b ind ing  of t h e  ATP t o  p r o t e i n  s u r f a c e .  It 
can be fur ther  hypothesized that  there  i s  a slow constant  rate of 
d i s soca t ion  of ATP from t h e  p r o t e i n  s u r f a c e .  It is  on ly  the  f r ee  
ATP which gives r i se  t o  i n h e r e n t  l i g h t  o r  i s  hydrolyzed by apyrase.  
and AMP t o  g i v e  two molecules  of ADP. The r e su l t s  ob ta ined  by t h e  
use of t h i s  enzyme dur ing  the  cur ren t  repor t  per iod  were q u i t e  
similar to  those of  the apyrase experiments .  A r e p r e s e n t a t i v e  
experiment is as fol lows:  
Reaction  Mixture 
0.1 m l  of p a r t i a l l y  p u r i f i e d  l u c i f e r a s e  
0.1 m l  of s y n t h e t i c  l u c i f e r i n  (0.2 mgjml) 
0.1 m l  of MgS04 (1 x M) 
0.1 m l  of myokinase (0.05 mg) - Sigma grade 
0.1 m l  of AMP (1 mg/ml) 
10h of ATP i n j e c t e d  (1 x 1 0 - L 3 )  
A cont ro l  for  the  above  reac t ion  mixture  was prepared by 
s u b s t i t u t i n g  0.2 m l  of water for the myokinase and AMP. 
Table 9 
E f fec t  o f  Myokinase on Inherent Light 
Inherent  Light  ATP Response 
(c/5 sec) (c/5 sec) 
Myokinase t rea ted   mix ture  10 
Control  13,464 
69 7 
285,273 
Additional confirmation of the role of ATP i n  t h e  p r o -  
duc t ion  of  inherent  l igh t  i s  found in  the  above  da ta .  We have  not 
as yet  separated the myokinase from l u c i f e r a s e  t o  a s c e r t a i n  w h e t h e r  
o r  n o t  t h e r e  i s  a r e tu rn  o f  i nhe ren t  l i gh t .  It is  qui te   obvious,  
however, t ha t  a l though  the re  is  a d r a s t i c  r e d u c t i o n  of inherent 
l i g h t  by myokinase, one cannot assay ATP i n  i t s  presence. 
c.  3-phosphoglyceric  kinase 
This is  a n  enzyme which ca t a lyzes  a r e v e r s i b l e  t r a n s f e r  
of  phosphate  between ATP and  3-phosphoglyceric  acid.  Using  this 
enzyme, the following experiment was car r ied  out .  
3-phosphoglyceric acid (0.05 M) was prepared by d i s so lv ing  
200 mg of the barium sa l t  i n  2 m l  of 2N H C 1  and adding 2 m l  of 2N 
H2S04. The mixture  w a s  centr i fuged a t  10,000 rpm for  ten  minutes ,  
a f t e r  which the supernatant was a d j u s t e d  t o  pH 7.4 and t h e  volume 
brought up t o  10 m l  wi th  water. An 0.2 mg/ml s o l u t i o n  of  phospho- 
g l y c e r i c  k i n a s e  (Sigma) was p repa red  in  a r sena te  bu f fe r  (0.05 M ,  
pH 7.4). 
Reaction  Mixture 
0.1 m l  o f  l u c i f e r a s e  from Sephadex G-200 
0.2 m l  o f  l u c i f e r i n  (0.5 mg/ml) 
0.05 m l  of 3-phosphoglyceric kinase 
0.05 m l  of phosphoglyceric acid 
0.010 m l  of ATP (1  x 
A control  consis ted of  the above except  that  0.1 m l  of 
water was used instead of 3-phosphoglyceric kinase and phosphoglyceric 
ac id .  
Counting t i m e  was 30 seconds - NASA Unit. 
Table 10 
Effect of Phosphoglyceric Kinase on Inherent  Light  
Kinas e 
Control 
Inherent  Light  (c/30 sec) 
0 time 30 min 
2,026 727 
26,496 16,000 
ATP Response 
(c/30 sec) 
a t  30 min 
197,858 
831,227 
d.  Pyruvate  Kinase 
Pyruvate  k inase  br ings  about  the  t ransfer  of  the  te rmina l  
phosphate of ATP to  pyruvic  acid.  A s t u d y  o f  t h e  a b i l i t y  o f  t h i s  
enzyme t o  remove i n h e r e n t  l i g h t  i s  described below. 
Reaction  Mixture 
0.1 m l  o f  l uc i f e ra se  from Sephadex G-200 
0.1 m l  of l u c i f e r i n  (0.5 mg/ml) 
0.1 m l  of pyruvate kinase (0.1 mg/ml) 
0.1 m l  of sodium pyruvate (0.1 M) 
0.01 m l  of ATP (1 x  IO-^^) 
Counting time was 30 seconds - NASA Unit 
The control  contained no pyruvate kinase and pyruvate. 
Table 11 
Effect of Pyruvate Kinase on Inherent  Light  
Inherent  Light  After  ATP Response After 
15 min (c/30 sec) 15 min (c/30 sec) 
pyruvate   kinase 837 
Control  17,256 
129,048 
950,000 
The results obtained with both 3-phosphoglyceric kinase 
and pyruvate kinase are e s s e n t i a l l y  t h e  same as was obtained with 
apyrase and  myokinase.  Both enzymes dras t ica l ly   reduced   the   inherent  
l i g h t  b u t  competed w i t h  l u c i f e r a s e  f o r  i n j e c t e d  ATP. 
e. Hexokinase 
Hexokinase is  a trans-phosphorylase which catalyzes the 
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t ransfer  of  the terminal  phosphate  of  ATP t o  g l u c o s e  t o  g i v e  g l u c o s e -  
6-phosphate and ADP. Representat ive data  obtained with the use of  
t h i s  enzyme are presented below. 
Reaction  Mixture 
0.1 m l  hexokinase (0.01 mg) Sigma 
0.1 m l  glucose (0.2 M) 
0.1 m l  MgS04 (0.01 M) 
0.1 m l  l uc i f e r in  (0 .2  mg/ml) 
10 a ATP (1 x  IO-^^) 
Control  for  the above contained water instead of  glucose 
and hexokinase. 
Table  12 
Effects of Hexokinase on Inherent Light 
Control 
Hexokinase 
(15 minutes incubation) 
Inherent Light ATP Response 
(c/5 sec)  (c/5 sec) 
3,415 126 ,302 
28 110,000 
A s  was found i n  t h e  c a s e  of ATPase, t h e  i n h e r e n t  l i g h t  
r e t u r n e d  a f t e r  s e p a r a t i o n  o f  l u c i f e r a s e  and hexokinase on a Sephadex 
column. As  i s  seen,   however ,   in   the  representat ive  data   given  above 
and many other subsequent experiments,  the ATP response i s  only 
reduced by a r e l a t i v e l y  small amount i n  the  p re sence  of hexokinase. 
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It has been found that the optimal concentration of hexokinase,  
i . e . ,  m a x i m a l  inherent l ight removal and minimal reduction of ATP 
response,  is  approximately 0.001 mg per  reac t ion  mixture .  It thus 
appea r s  t ha t  t he re  i s  no necessity for the removal of hexokinase 
from l u c i f e r a s e  p r i o r  t o  ATP assay. 
A time cour se  fo r  t he  r educ t ion  o f  i nhe ren t  l i gh t  was 
run. The reac t ion  mixture  was the  same as that  descr ibed previously 
but  wi th  a d i f f e r e n t  enzyme preparat ion.  A con t ro l  was run as before .  
The reac t ion  mixtures  were al lowed to  s tand a t  room temperature  in  
t h e  r e a c t i o n  chamber  and the  inherent  l igh t  measured  a t  pe r iod ic  
i n t e r v a l s .  The r e s u l t s  a re  shown in   F igu re  11. It i s  seen   tha t   wi th  
hexokinase present ,  a minimal  inherent  level  i s  a t t a i n e d  a f t e r  t e n  
minutes. 
A problem which has arisen with the use of hexokinase i s  
t h a t  i t s  e f f ec t s  d i f f e r  depend ing  on the  commercial  source.  With 
c e r t a i n  commercial preparations from other sources the ATP response 
i s  i n h i b i t e d  d r a s t i c a l l y .  It has  been  found tha t   t hese   p repa ra t ions  
are contaminated  wi th  ra ther  h igh  leve ls  of  ATPase. Thus, i t  would 
appear  tha t  before  hexokinase  can  be  used  in  a rou t ine  f a sh ion  fo r  
t he  r educ t ion  o f  i nhe ren t  l i gh t ,  i t  must  be free  of ATPase. 
5. Removal of  Inherent  Light by Dia lys i s  
I f  t he  b ind ing  o f  ATP ions  to  pro te in  molecules  i s  s t r i c t l y  
an adsorpt ion phenomenon, i t  should  be  poss ib le  to  remove  them by 
55 
5 
\ 7"- 
\ 
\ 
~ . . - . . . . 
I 
Rx  mixture  with  Hexokinase ~ U ~ I U ~ I I Q ~  
Rx  mixture without Hexokinase I.- 
ATP  response  for Hexokinase Rx - 176,604 
ATP response without Hexokinase - 183,106 
I I 1 
IO 15 20 25 30 
Time  Incubated  (minutes) 
Figure No. I I  - Reduction  of  inherent  light  by  Hexokinase. 
exhaus t ive   d ia lys i s   t echniques .  The resul ts   of   experiments   a long 
t h e s e  l i n e s  are descr ibed.  
With d i a l y s i s  equipment obtained from the National Instrument 
Laboratories,  Rockville,  Maryland, i t  was poss ib l e  to  ca r ry  ou t  two 
types of  dialysis .  These were h igh  pressure  d ia lys i s  and  low pres su re  
d i a l y s i s .  
High p res su re  d i a lys i s  i nvo lves  the  exe r t ion  o f  150 pounds 
of  pressure per  square inch upon the  su r face  of the contents  of  a 
d ia lys i s  bag ,  thereby  increas ing  the  ra te  of flow of the dialyzable 
components through the membrane and also reducing the back flow of 
ions.   Thus,   th is   procedure  great ly   shortens  the time necessary  for  
complete  dialysis ,  and also reduces the volume of t h e  s o l u t i o n  
w i t h i n  t h e  d i a l y s i s  b a g .  
Low p r e s s u r e  d i a l y s i s  is  the  usua l  type  except  tha t  low 
p res su re  ( 3  p s i )  i s  used  to  prevent  wr inkles  in  the  membrane surface.  
The National Instrument Laboratories instrument makes use of a unique 
ag i t a t ion  sys t em fo r  min ima l  equ i l ib ra t ion  time. 
Results obtained with the above dialysis procedures 
were as follows. 
a. High Pressure   Dia lys i s  
A p a r t i a l l y  p u r i f i e d  l u c i f e r a s e  f r a c t i o n  (20 m l )  from a 
Sephadex G-200 column w a s  dialyzed a t  O°C f o r  s ix  hours  in  the  
h i g h  p r e s s u r e  u n i t  a f t e r  which i t  w a s  assayed  for  inherent  l igh t  
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and ATP (1 x response. 
Table  13 
Ef fec t s  o f  High Pressure Dialysis  on Inherent  Light  
Inherent  Light  ATP Response 
(c/5 sec)Je (c /5  sec)  
Control  (n -dialyzed)  4,950 
Dialyzed  sample 10 , 250 
165,000 
223,000 
It shou ld  be  po in ted  ou t  t ha t  t he  f ina l  volume of t he  
l u c i f e r a s e  f r a c t i o n  a f t e r  d i a l y s i s  was 7 m l .  The r e s u l t s  i n d i c a t e  
t h a t  t h e r e  was no loss i n  e i t h e r  i n h e r e n t  l i g h t  o r  ATP response,  
bu t  ins tead  an  increase  in  both  due  to  the  concent ra t ing  e f fec t .  
b. Low Pressure   Dia lys i s  
A p a r t i a l l y  p u r i f i e d  l u c i f e r a s e  f r a c t i o n  ( 5  m l )  from a 
Sephadex G-200 column was dialyzed a t  0 C f o r  21  hours. The con- 
t e n t s  o f  t h e  d i a l y s i s  bag were a s sayed  fo r  i nhe ren t  l i gh t  and ATP 
(1 x 10 a) response a t  des igna ted   in te rva ls   dur ing   th i s   per iod .  
0 
-2 
Table 14 
Ef fec t s  o f  Low Pressure Dialysis  on Inherent  Light  
Time Inherent   Lig t  ATP Response 
(hrs)  (c/5 sec )  ( c j 5  sec) 
0 
2 
3 
4 
5 
21 
2386 
4062 
2 187 
3 104 
1615 
199 
196,999 
227,901 
188 ,305 
215,518 
191,136 
48 7 
Note: A non-dialyzed  control  which  had  stood a t  O°C f o r  
21  hours  had an inherent  l ight  count  of  1877 and an ATP response 
of 183,375. 
It was concluded on the basis of the above experiments 
t h a t  d i a l y s i s  was not  capable  of  removing the factors  responsible  
f o r  i n h e r e n t  l i g h t  from the  luc i f e ra se  p repa ra t ions .  
6. Reduction of Inherent   Light  by Incubation  of 
Luciferase-Lucifer in  . .  a t  Elevated  Temperatures 
It has  been  f requent ly  observed  tha t  the  inherent  l igh t  
of l uc i f e ra se - luc i f e r in  mix tu res  dec reases  on  s t and ing  a t  room 
temperature.  Experiments were c a r r i e d  o u t  t o  d e t e r m i n e  t h e  e f f e c t  
of temperature on t h e  ra te  and ex ten t  of  inherent  l igh t  decrease .  
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Reaction  Mixture 
6 m l  o f  l uc i f e ra se  from Sephadex G-200 
6 m l  o f  l u c i f e r i n  (0.5 mg/ml) 
6 m l  of MgS04 (0.01 M) 
Aliquots ( 2  m l )  of the above mixture were incubated a t  
room temperature (23.5 ), 3OoC, and 37OC. Samples (0 .3 m l )  were 
removed a t  designated times and assayed for ATP response (1 x 10 $) 
0 
-3 
and inherent   l ight .   (30-second  count ing  per iod.)  
Table 1 5  
Effect  of  Incubat ion of  Luciferase-Lucifer in  Mixtures  a t  Various 
Temperatures on Inherent Light 
Temp. C Time (min) Inherent   Light  0 
( c / 3 0  sec) 
23.5 
I 1  11 
11 11 
11 I1  
11 11 
I 1  I t  
11 II 
0 
15 
30 
60 
120 
0 
15  
30 
60 
120 
0 
15 
60 
26,000 
10 , 250 
4,900 
3 , 200 
2,100 
28,750 
8,850 
4,296 
3,144 
1 ,221 
29,756 
7,450 
2,034 
ATP Response 
(c/30 sec) 
1,011,000 
1,296,215 
1,210,340 
1,117,285 
1,115,176 
1,319,164 
1,276,219 
1,118,617 
1,215,109 
1,019,656 
923,041 
276,219 
169,895 
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On the  bas i s  o f  t he  da t a  p re sen ted  above ,  it appears 
t ha t  a l lowing  the  enzyme mixture  to  s tand  a t  30 C f o r  120 minutes 
is a f eas ib l e  t echn ique  fo r  t he  r educ t ion  o f  i nhe ren t  l i gh t .  It 
is  conc luded  tha t  t he  r educ t ion  o f  i nhe ren t  l i gh t  on  s t and ing  is  
caused by the  dep le t ion  wi th  time of  the  fac tors  respons ib le  for  
i n h e r e n t  l i g h t ,  i . e . ,  endogenous ATP is  used up. 
0 
7. Effect  of  Certain Environmental  Condi t ions on Inherent  
Light Level 
It has  long been noted that  the inherent  l ight  level  of  
a luc i fe rase- luc i fe r in  mixture  drops  on  s tanding  a t  room temperature. 
The decrease i s  r a p i d  d u r i n g  t h e  f i r s t  few minutes a f t e r  which t h e  
rate of  decay is  r e l a t i v e l y  slow. It has  a lso been observed that  
react ion mixtures  which have been al lowed to  s tand unt i l  the  inherent  
l i g h t  level has undergone a considerable  decrease,  show an  increase  
i n  t h e  i n h e r e n t  l i g h t  v a l u e  on  shaking. It was concluded  tha t  th i s  
was caused by the replenishment of the depleted oxygen content of 
t he  r eac t ion  mix tu re ,  and t h a t  a t  least  pa r t  o f  t he  inhe ren t  l i gh t  
decrease was a r e f l e c t i o n  o f  t h e  oxygen deplet ion.  This  would be 
compat ib le  wi th  the  resu l t s  repor ted  in  Table  15 i n  t h a t  t h e  needed 
oxygen f o r  t h e  ATP response might  have been present  in  the injected 
ATP so lu t ion .  It w a s  dec ided  to  de te rmine  the  e f fec t  o f  cont inuous ly  
bubbling oxygen through a react ion mixture  over  a given t i m e  period 
in  both  l igh t  and  darkness .  The i n h e r e n t  l i g h t  level and ATP response 
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would be compared with  non-gased  controls.  The fo l lowing  reac t ion  
mixture  was freshly prepared.  
10 m l  o f  l uc i f e ra se  from Sephadex G-100 column 
10 m l  of l u c i f e r i n  (0.5 mg/ml) 
10 m l  of 0.01 M MgS04 
Four a l i q u o t s  (5 m l  each) were taken from the above freshly 
prepared mixture and treated in the following manner:  
81 Gased with  compressed a i r  i n  t h e  d a r k  
8 2  Gased with  compressed a i r  i n  t h e  l i g h t  
(100 W tungsten lamp a t  two f e e t )  
#3 Allowed t o  s t a n d  i n  d a r k n e s s  
#4 Allowed t o  s t a n d  i n  l i g h t  ( t u n g s t e n  lamp 
100 W a t  two f e e t )  
The samples were assayed with 10 s o f  ATP a t  designated -3 
times. The r e s u l t s   a r e   p r e s e n t e d   i n   T a b l e  16. 
Table 16 
Effec t  of  Oxygen on ATP Response in  Light  and  Dark 
r 
Gas - l igh t  Dark Light Gas -dark 
Time 
(min) c/30 sec c/30 sec c/30 sec c/30 sec 
I.L.* ATP I .L. ATP I .L. ATP I .L .  ATP 
0 
824,780 1,458 825,063  1,5 0  21, 93 2 , 753 870,302 1,830 45 
866,388 3,343  845,933 2,620 957,134 4,445 868,222 3,120 15 
715,512 168,291 715,512 168,291 715,512 168,291 715,512 168,291 
1 115 I 1,114 I 843,205 I 1,554 1 806,420 I 1,033 I 835,635 I 996 I 850,000 I 
*Inherent l i gh t  
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It  is seen  in  the  data  above  that  the  rate  of  decrease 
of  inherent  light  is  affected  very  little  by  the  passage of  oxygen 
through  the  reaction.  Another  observation,  not  shown  above,  was 
that  if  the  samples  which  were  gased  were  shaken,  there  was  approxi- 
mately  a 50% increase  in  the  inherent  light  level  with  a  concomitant 
10% decrease  in  the  ATP  response.  This  mixing  phenomenon  is  unex- 
plainable at this  time.  One  can  conclude, however, that  reaction 
mixture  is  not  oxygen  limited  after  extended  periods of incubation 
at  room temperature. Hence, the  removal  of  inherent  light  by 
incubation  remains  valid. 
G. Optimal  Reaction  Conditions 
1. Effect  of pH 
The  optimal pH of  the  bioluminescence  reaction  was  found 
by Green  and  McElroy  to  be 7.8 (10). However,  with many  enzyme 
systems  the  optimal pH will  vary  depending  on  conditions  such  as 
buffer  type  and  the  degree  of  enzyme  purification.  It  was  for  this 
reason  that  the  following  experiment  was  carried  out. 
A  partially  purified  luciferase  fraction  from  a  Sephadex 
G-100 column  was  passed  through  a  Sephadex G-25 column  with 0.005 M 
NaCl  as  the  eluting  agent.  This  removed  arsenate  buffer  from  the 
enzyme  preparation.  The  following  reaction  mixtures  were  prepared 
using  this  enzyme. 
0.1 m l  of enzyme 
0.05 m l  o f  l u c i f e r i n  (1 mg/ml) 
0.1 m l  of 0.05 M a r s e n a t e  a t  designated pH 
0.05 m l  of 0.01 M MgS04 
0.01 m l  of ATP (1 x 10-3*) 
The reac t ion  mixtures  were assayed a t  0 t i m e ,  15 minutes,  
30 minutes,  45 minutes,  one hour,  and one and one-half  hours after 
s tanding a t  room temperature. 
The r e s u l t s  are  presented  in  F igure  12. 
The optimal pH o f  t he  r eac t ion  when measured a t  0 t i m e  
and a t  15 minutes is 7.5 .  The reaction mixtures which were allowed 
to  s tand  for  longer  per iods  of  t i m e  a t  room temperature show an 
optimal pH of 7 .  This  change in  op t ima l  pH i s  accompanied by a 
d e c r e a s e  i n  t h e  a c t i v i t y  of t h e  pH 7.5 react ion mixture  of  approxi-  
mately 30% compared t o  t h e  pH 7.5 a c t i v i t y  a t  0 time. There was 
no d e c r e a s e  i n  t h e  a c t i v i t y  of t h e  pH 7.0 reaction mixture which 
i n  f a c t  showed a small i n c r e a s e  o v e r  t h e  f i r s t  45 minutes. It 
should  fur ther  be  noted  tha t  the  inherent  l igh t  leve l  ( see  F igure  
13) of  the pH 7.0 r eac t ion  mix tu re  was about  one-half  that  of  the 
pH 7.5 mixture  throughout  the  en t i re  t i m e  period. The inherent  
l i g h t  o f  t h e  pH 8.0 r eac t ion  mix tu re  i s  about 30% grea te r  t han  
tha t  s een  a t  pH 7.5 .  
It would appear  tha t  whi le  the  ac tua l  enzymat ic  reac t ion  
proceeds a t  a maximal r a t e  a t  pH 7 . 5 ,  t h e  enzyme i t s e l f  i s  most 
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s t a b l e  a t  pH 7.0. The i n c r e a s e  i n  n e t  r e s p o n s e  o f  t h e  pH 7.0 
reac t ion  mixture  i s  q u i t e  l i k e l y  d u e  t o  t h e  i n c r e a s e  i n  t h e  i n h e r e n t  
l i gh t  l eve l .  Th i s  i s  a phenomenon which  has  frequently  been  observed 
here .  The i n c r e a s e  i n  i n h e r e n t  l i g h t  w i t h  i n c r e a s e  i n  pH i s  q u i t e  
possibly a r e f l e c t i o n  of a n  i n c r e a s e  i n  t h e  rate of  d i ssoc ia t ion  of  
p r o t e i n  bound ATP, and a l s o  t h a t  t h e  r a t e  o f  d i s s o c i a t i o n  i s  s u f f i c -  
i e n t l y  g r e a t  as t o  o f f s e t  t h e  i n h i b i t i o n  o f  ATP response seen a t  a 
b a s i c  pH. This  might  follow as t h e  r e s u l t  o f  t h e  a n i o n i c  c h a r a c t e r  
of the phosphate functions of the ATP molecule. 
2. E f f e c t  of Magnesium Concentration  on  Bioluminescent 
As say 
~~~~~~ .. 
The experiment described below w a s  car r ied  out  to  de te rmine  
the optimal magnesium concen t r a t ion  fo r  t he  r eac t ion  cond i t ion  
current ly  being used.  
Reaction  Mixture 
0 .1  m l  o f  p a r t i a l l y  p u r i f i e d  l u c i f e r a s e  
0.1 m l  o f  l u c i f e r i n  (0.2 mg/ml) 
0.1 ml of MgSO a t  spec i f ied  concent ra t ions  
1 0 A  ATP (1 x 10 3) -2 
30-second counting period 
The r e s u l t s  are descr ibed in  Figure 14. 
On the basis of the above data,  the optimalMgS04 concen- 
t r a t i o n  i s  1 x 10 M. Fur ther   s tud ies  would have t o  b e  made t o  -2 
es tab l i sh  whether  th i s  is t rue throughout  a wide range of  lucifer in  
6 0,OO 0 
I 2 ,OO( 
m4 Inherent light 
rrC""'=-*~L 
0" 
I I I I 
) I  0.03 0.05 0.07 
MgSO4 concentrations (M) 
Figure No. 14 - Effects of magnesium  concentration on ATP response. 
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and ATP concentrations. 
3. Effect  of  Luciferin  Concentration  on  Bioluminescent 
As say 
ATP response  as  a  function  of  the  luciferin  was  determined. 
The experimental  procedure  is  described  below. 
Reaction  Mixture 
0.1 ml of  partially  purified  luciferase 
0.1 ml of  luciferin  at  specified  concentrations 
0.1 ml of MgS04 ( 1  x M) 
10% ATP (1  x  IO-^^) 
30-second  counting  period 
The  results  are  described  in  Figure 15. 
It is  noteworthy  here  that  the  ATP  response  begins  to 
decrease at  a  luciferin  concentration  of 1 mg/ml  while  the  inherent 
light  level  is  continuing  to  rise. It is  possible  to  speculate 
that  the  reason  for  the  decrease  in  response  at  this  higher  luciferin 
concentration  is  caused  by an increase  in  the  concentration  of  con- 
taminating  oxyluciferin  which  would  inhibit  the  reaction. No explan- 
ation  can  be  brought  forward t this  time  to  explain  the  increase 
in  inherent  light  at  luciferin  concentrations  where  the  ATP  response 
is  inhibitied. 
4. Effect  of  Type  of  Buffer 
A comparison  of  the  effects  of  different  buffers on 
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l u c i f e r a s e  a c t i v i t y  h a s  b e e n  made dur ing  th i s  repor t  per iod .  The 
buf fers  s tud ied  were T r i s ,  arsenate,  phosphate,  and glycyl-glycine.  
These s t u d i e s  are descr ibed below. 
Four Sephadex G-25 columns (12" x 1/2") were prepared and 
equi l ibra ted  wi th  0 .05  M glycyl-glycine,  0.05 M T r i s ,  0.05 M phos- 
phate ,  and  0.05 M a r sena te ,  r e spec t ive ly .  A l l  b u f f e r s  were a t  pH 
7.4. One m l  a l i quo t s  o f  a p a r t i a l l y  p u r i f i e d  l u c i f e r a s e  f r a c t i o n  
from a Sephadex G-200 column were placed on each o.f t he  Sephadex 
G-25 columns. The columns were eluted with the buffers  with which 
they had been equilibrated.  The breakthrough  volume  of  each column 
was c o l l e c t e d  and  assayed  for  ac t iv i ty .  The r e s u l t s  were as follows : 
Reaction  Mixture 
0.1 m l  l u c i f e r a s e  
0.1 m l  l uc i f e r in  (0 .2  mg/ml) 
0.1 m l  MgS04 (0.01 M) 
10 h ATP (1 x lo-'*) 
Table 1 7  
Effect  of  Buffer  Type on ATP Response 
Inherent Light 
(c /5  sec)  
Phosphate  buffer 268 
Arsenate   buffer  279 
Tris b u f f e r  288 
Glycyl-glycine  buffer  382 
ATP Response 
(c/5 sec)  
170,686 
143,377 
19 7 ,302 
171,162 
The d a t a  i n d i c a t e  t h a t  a t  least  over a five-second counting 
pe r iod ,  t he re  i s  l i t t l e  d i f f e r e n c e  i n  t h e  a c t i v i t y  o f  l u c i f e r a s e  when 
con ta ined  in  the  bu f fe r s  s tud ied .  It i s  p o s s i b l e  t h a t  i f  l i g h t  p r o -  
duct ion were followed over a longer period of time, g r e a t e r  d i f f e r e n c e s  
might be seen. 
5 .  E f f e c t  of  Arsenate  Buffer  Concentration 
It has been previously observed that the bioluminescent 
system i s  s e n s i t i v e  t o  h i g h  s a l t  concentrat . ions.   A.s tudy  to   deter-  
mine the  opt imal  buf fer  concent ra t ion  was ca r r i ed  ou t .  
Arsenate  buffer  was removed from a p a r t i a l l y  p u r i f i e d  
l u c i f e r a s e  p r e p a r a t i o n  by passage through a Sephadex G-25 column 
with 0.005 M N a C l  as the  e luen t .  The r eac t ion  mix tu re  fo r  t he  
experiment was as follows: 
0.1 m l  of enzyme 
0.05 m l  o f  l u c i f e r i n  (1 mg/ml) 
0.05 m l  of MgS04 (0.01 M) 
0 .1  ml of a r s e n a t e  b u f f e r  (pH 7.5)  a t  designated 
concentrat ion 
The assay was performed with the RCA photomul t ip l ie r  un i t .  
The r e s u l t s  are g i v e n , i n  F i g u r e  16. 
The i n h i b i t o r y  e f f e c t  o f  a high s a l t  concentrat ion i s  
qui te  apparent  in  the  above  da ta .  The opt imal  buf fer  concent ra t ion  
i s  seen to  be about  0.01 M. 
I 
" ""-9 
0.001 0.c 
.- . 
inherent 1 light x IO 
ATP 
D m D r m m r " ~  
5 0. I C 
11111 
Buffer concentrations (MI  
0 
Figure No. 16 - Effect  of arsenate  buffer  concentration  on 
ATP response. 
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6 .  ATP Stabilization by  Buffer  Solvents 
Up  to  the  present  time,  standard ATP solutions  have  been 
prepared  by  dissolving  crystalline ATP (sodium  salt)  in  distilled 
water  and  subsequently  adjusting  the pH to 7.4. Dilutions  of  this 
stock  solution (1 rng/ml)  to  obtain  a  desired ATP concentration  were 
made  with  distilled  water  at pH 7.4. It  has  always  been  observed 
that ATP solutions  prepared  in  this  fashion  were  unstable  with  time, 
especially  at  low  concentrations , i.e. , 10 '6 and  lower. It was -3  
decided  to  study  the  effects  of  certain  buffers on the  stabilization 
of ATP. These  experiments are described  below. 
Five  mg  quantities  of ATP were  dissolved  respectively  in 
distilled  water  with  non-adjusted  pH  of 6 ,  distilled  water at pH 
7.4, arsenate  buffer (0.05 M, pH 7.4),  Tris  buffer (0.05 M y  pH 7 .4 ) ,  
and  glycyl-glycine  buffer (0.05 M y  pH 7.4). Using  the  buffers  as 
diluents,  each ATP solution  was  taken  to  a  concentration  of 1 x 10 p / -3 
0.1 ml.  Using  a  partially  purified  luciferase  preparation,  the 
responses  of  the ATP solutions  were  measured  with  the RCA Unit. 
Reaction  Mixture 
0.1 ml of  luciferase 
0.1 ml of  luciferin (0.5 mg/ml) 
0.1 mZ of MgSO (0.01 M) 
0.1 ml of ATP (1 x 
4 
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Table 18 
Effect  of  Buffer  on ATP S t a b i l i t y  
Buffer. ATP Response (mil l ivol ts)  
- 0 15  min 1 h r  2 hrs 6 h r s  -
Arsenate 1400 1350 1300 1350 1350 
T r i s  1450 1400 1400 1375 1400 
Glycyl-glycine 1400 1250 1300 1400 1350 
H20 - pH 6 550 360 120 40 LO 
H20 - pH 7.4 500 280 70 14 8 
The r e s u l t s  i n d i c a t e  t h a t  a r s e n a t e ,  Tr is ,  and glycyl-  
g lyc ine  serve  equal ly  w e l l  as bu f fe r s .  S ince  the  luc i f e ra se  i s  
rou t ine ly  p repa red  in  a r sena te  bu f fe r ,  i t  was dec ided  to  use  arse- 
n a t e  b u f f e r  f o r  t h e  ATP p repa ra t ions  as w e l l .  
In  the above experiment  the ATP s o l u t i o n s  were s tanding 
a t  room temperature  over  the indicated t i m e  period. As a f u r t h e r  
p r e c a u t i o n  i n  s e l e c t i n g  a r s e n a t e ,  t h e  ATP i n  a r s e n a t e  b u f f e r  was 
kep t  a t  0 C for an additional four days and then assayed. There 0 
was no decrease  in  response .  It has  a lso been observed that  the 
a r s e n a t e  ATP s o l u t i o n s  e x h i b i t  no dec rease  in  l i gh t  r e sponse  a f t e r  
a 15-minute boiling period. 
7. E f f e c t  ~" - of  ~~ Counting ~ Time on ATP Response 
The ideal  count ing per iod would be one terminating con- 
comi tan t ly  wi th  ces sa t ion  o f  t he  s t a t i s t i ca l ly  s ign i f i can t  l i gh t  
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emiss ion  due  to  the  in j ec t ion  of ATP. It has  been  observed,  however, 
t h a t  t h e  p e r i o d  of l i g h t  e n i s s i o n  is s u b j e c t  t o  w i d e  v a r i a t i o n s  
dependent t o  a g rea t  ex ten t  on  the  pas t  h i s to ry  o f  t he  luc i f e ra se  
preparat ion.  An example  of t h i s  i s  shown in  the  experiment   descr ibed 
below. 
A p a r t i a l l y  p u r i f i e d  l u c i f e r a s e  p r e p a r a t i o n  (100 m l )  was 
subjected to (NH ) SO f r ac t iona t ion .   Three   f r ac t ions  (40%,  50%, 
and 60%) were obtained.   These  f ract ions (10 m l  each) were assayed 
4 2  4 
in  the  fo l lowing  fash ion .  
Reaction  Mixture 
0 .1  m l  of f r a c t i o n  
0.1 m l  of l u c i f e r i n  ( 0 . 2  mg/ml) 
0.1 ml of MgS04 (1  x 10 M) -2 
l o a  ATP (1 x 
Table 19 
Effect of Counting Time on ATP Response 
c / 5  sec c/30 sec 
Inherent   Light  ATP - Inherent   Light  ATP -
Extrac t   before  29,200  80 ,650   161 ,081   328 ,953
( m 4 )  2SO4 
40% f r a c t i o n  3 , 1 2 8  15 ,505  16 ,646 66 ,595  
50% f r a c t i o n  6 , 6 1 5  26 ,068  35 ,697  358,446 
60% f r a c t i o n  10 ,944 24 ,830  92 ,435  149,849 
On the  bas is  of  the  responses  shown during the five-second 
count ing per iod,  i t  would be concluded t h a t  t h e  most active prepar- 
a t i o n  w a s  t h e  l u c i f e r a s e  p r i o r  t o  (MI ) SO f r ac t iona t ion ,  w i th  the  
50% and 60% fractions being of almost equal potency, A v e r y  d i f f e r -  
e n t  o r d e r  o f  a c t i v i t y  is  observed  af te r  a 30-second counting period, 
Here, t h e  50% f r a c t i o n  is  t h e  most a c t i v e .  The h i g h  a c t i v i t y  shown 
by t h e  50% f r a c t i o n  i s  most l i k e l y  d u e  t o  a decrease in pyrophosphate 
r e l a t i v e  t o  l u c i f e r a s e  r e s u l t i n g  i n  t h e  e m i s s i o n  o f  l i g h t  a t  a high 
leve l  over  a longer period of t i m e .  
4 2  4 
In  order  to  determine whether  the opt imal  count ing per iod 
var ied  wi th  the  ATP concentration, the experiment described below 
w a s  car r ied  out .  
Reaction  Mixture 
0 .1  m l  o f  l uc i f e ra se  from Sephadex G-200 
0.1 m l  o f  l u c i f e r i n  (0.5 mg/ml) 
0.1 m l  of MgS04 (0.01 M) 
0.1 m l  of ATP a t  designated concentrat ions 
The r e s u l t s  are seen  in  Table  20. 
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Table 20 
Optimal  Counting  Period  as  a  Function of ATP Concentration 
ATP 
Concentration 
II 11 
1 1  I I  
Counting 
Time (sec) 
2 
5 
10 
30 
60 
2 
5 
10 
30 
60 
2 
5 
10 
30 
60 
2 
5 
10 
30 
60 
Inherent 
Light 
763 
1,952 
3,179 
9,342 
20,121 
622 
1,749 
3,302 
9,624 
21,182 
696 
1,878 
3,942 
10 , 710 
19,598 
7 34 
1,572 
3,202 
10,056 
19,354 
ATP 
Response 
34,956 
104 ,,556 
189,113 
465,131 
730,017 
5,767 
15,379 
29,050 
69,520 
98 , 183 
1,107 
3 , 245 
6,787 
16,671 
27,632 
748 
1,720 
3,426 
10 , 235 
19 , 554 
Net ATP 
Res pons e 
34,193 
10 2 , 604 
185,934 
456,089 
709,896 
5 , 145 
13,630 
25 , 748 
59,896 
77,001 
411 
1 , 375 
2,845 
5,961 
8,034 
14 
148 
224 
179 
200 
It is  evident  from  the  data  presented  above  that  for 
Net  ATP/ 
Inherent  Light 
44.8 
52.5 
58.5 
48.8 
35.3 
8.3 
7.8 
7.8 
6.2 
3.6 
0.6 
0.7 
0.7 
0.6 
0.4 
0.02 
0.1 
0.1 
0.02 
0.01 
quantities of ATP down to the level of 1 x there is still 
measurable  light  emission  even  after 60 seconds.  On  looking at the 
ATP/inherent  light  ratio,  it  is  seen  that  for 1 x 10 Zp and 1 x 10 -p 
of ATP, the  most  favorable  ratio  (highest)  is  realized  at  ten 
seconds,  while  for  the 1 x 10 -& and  1 x 10 3 ,  it  is  at five 
seconds.  There  are  two  parameters  to  be  considered  in  the  selection 
of  optimum  counting  time.  The  first  is  the  fact  that  the  higher  the 
ATP/inherent  light  ratio  (signal/noise),  the  greater  is  the statis- 
tical  validity of the  measured  net  response.  The  second  is  that 
maximum  sensitivity  is  obtained  by  the  measurement  of  total  light 
emission. As is  seen  in  the  above  data,  the  time  period  necessary 
for  the  achievement  of  the  two  conditions  does  not  necessarily 
coincide.  It  would  thus  appear  that  the  optimal  counting  period 
will  be  a  compromise  between  maximal  sensitivity  and  maximal  statis- 
tical  validity  of  the  responses.  This  compromise  value  will  be  a 
function of the ATP  concentration,  activity  and  purity  of  the 
luciferase  preparation,  and  the  inherent  light  level. 
-3 -4 
-5 -6 
8. Effect ~ of Temperature  on  ATP  Response 
The  reaction  chamber of the  NASA  Unit  is  constructed so 
that  water  at  any  desired  temperature  can  be  circulated  around  the 
reaction  cuvettes.  This  provision  allowed  the  determination of 
the  optimal  reaction  temperature  and  also  of  temperature  on  inherent 
light.  A  representative  experiment  along  these  lines  is  described 
below. 
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The  experiment  was  carried  out  using  a  partially  purified 
luciferase  preparation  from  a  Sephadex 6-100 column.  The  following 
reaction  mixture  was  used: 
0.1 ml of  enzyme 
0.1 ml of  lu'ciferin (1 mg/ml) 
0.1 ml  of  MgS04 (0.01 M) 
0.01 ml of ATP (1 x 1 - 0 - ~ ~ )  
Counting  time - 30 seconds 
Each  cuvette  containing  the  above  reaction  mixture  was 
allowed  to  stand  at  the  specified  temperature  for  five  minutes 
prior  to  the  injection  of  ATP. 
The  results  of  this  experiment  are  shown  in  Figure 17. 
A  rather  sharp  optimal  reaction  temperature  is  seen at 
2OoC. This  is at  variance  with  that  observed  by  Green  and  McElroy 
(10) who reported an optimal  temperature  of 23.5 C. It is  impossible 0 
at  this  time  to  explain  the  discrepancy. It may  possibly  be  caused 
by differences  in  the  techniques  of  obtaining  and  maintaining  the 
various  temperatures. 
An observation  of  great  interest  here  is  that  the  optimal 
reaction  temperature  is  different  from  the  temperature  which 
maximal  inherent  light  is  observed.  At  present,  there  are  two 
possible  explanations  that  can  be  put  forward.  The  first  would 
be  that  the  increased  inherent  light a  elevated  temperatures  is 
a  reflection  of an increased  rate of dissociation  of  ATP  from  the 
600,0001- 
ci 
0 
u) 
$ 360,000 
0 
I 
L 
Temperature settings - O C  
Figure No. 17 - Effect  of  temperature on ATP response. 
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surface  of  protein  material,  thus  making  more ATP available  for 
reaction  with  luciferase  and  luciferin. It should be reca.lled 
that  there  was  also  a  difference  in  the  optimal pH of  the  reaction 
and  inherent  light  which  was  explained  as  being  possible  due  to 
differences in the  rate  of  dissociation  of  endogenous  ATP.  Another 
possible  explanation  is  that  we  are  dealing  with  two  enzyme  systems, 
one  responsible  for  the  normal  ATP  reaction  and  another  being  specific 
for  the  inherent  light  reaction.  Until  additional  data  is  available, 
the  first  explanation  is  the  most  plausible. 
9. Effect  of  Ratio  of  Enzyme  Volume  to  ATP  Volume on 
ATP  Response 
This  experiment  was  conducted  to  determine  the  optimal 
ratio of the  volume of the  injected ATP to  the  volume  of  the  lucif- 
erase-luciferin  mixture. As will  be  described  in  the  instrumentation. 
section, it is  possible  to  adjust  the  NASA  instrument  to  inject  any 
desired  volume.  The  instrument  settings  for  delivering  certain 
volumes  are  given  below. 
Table 21 
Instrument  Settings  for  Certain  ATP  Volumes 
Volume (ml) 
0.010 
0.025 
0.050 
0.075 
0.100 
0.150 
0.200 
A-S  et  t  ing 
10 
10 
10 
10 
10 
10 
10 
B-Setting 
11 
13 
15 
15 
18 
18 
20 
Pressure  (psi) 
50 
50 
50 
65 
50 
8 1  
8 1  
82 
A lyophi l ized  reac t ion  mixture  conta in ing  luc i fe rase  and  
l u c i f e r i n  was used i n  t h i s  s t u d y  ( p r e p a r a t i o n  w i l l  be  descr ibed  in  
a la ter  s e c t i o n ) .  The lyophi l ized  mixture  was prepared so t h a t  t h e  
quan t i ty  of enzyme p l a c e d  i n  t h e  c u v e t t e  was t h e  same regard less  of  
t h e  volume. The standard ATP was prepared so  t h a t  t h e r e  was always 
1 x 10 3 in jec ted   independent   o f   the  volume. The t o t a l  volume  of 
t h e  r e a c t i o n  s o l u t i o n  a f t e r  ATP i n j e c t i o n  was 0.3 m l  i n  a l l  cases.  
Experimental  resul ts  are descr ibed  in  Table  22. 
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Table 22 
E f f e c t  of Ra t io  of Enzyme  Volume t o  ATP Volume 
Enzyme /ATP Inherent   Light  
c/30 sec 
29 
11 
5 
3 
2 
1 
0.5 
444 
463 
625 
390 
490 
412 
494 
ATP Response 
c/30 sec 
126,091 
124,009 
96,286 
69,404 
46,100 
37,396 
24 , 158 
It i s  s e e n  t h a t  t h e  o p t i m a l  r a t i o  of enzyme t o  ATP i s  
approached a t  approximately  30:l.  Because of the  d isposable  syr inge  
current ly   being  used,  i t  was imposs ib le  to  exceed  th i s  ra t io .  It i s  
b e l i e v e d  t h a t  t h e  d i f f e r e n c e s  s e e n  i n  ATP response due to changes 
i n  r a t i o  of enzyme t o  ATP is  t h e  r e s u l t  o f  d i f f e r e n c e s  i n  m i x i n g  
times. 
10. Light  Emission by Water and  Buffers 
A phenomenon which has been frequently observed during 
the  course  of  these  s tud ies  i s  the  emiss ion  of  l igh t  as t h e  r e s u l t  
o f  t he  in j ec t ion  o f  so lu t ions  which  presumably are  f r ee  o f  ATP. A 
comparison of  the magnitude of  this  effect  in  water and various 
b u f f e r s  was made. This was done as described  below. 
Using s t e r i l e  deionized water, the  fo l lowing  so lu t ions  
were prepared : 
1. H 2 0  - pH a d j u s t e d   t o  7 . 4  
2. T r i s  b u f f e r  - 0.05 M, pH 7 . 4  
3. Arsena te   buf fer  - 0.05 M, pH 7 . 4  
4 .  Glycyl-glycine  buffer  - 0.05 M ,  pH 7 . 4  
The above solut ions (10 lambdas) were i n j e c t e d  i n t o  a 
s t anda rd  r eac t ion  mix tu re  cons i s t ing  o f :  
0.1 m l  o f  p a r t i a l l y  p u r i f i e d  l u c i f e r a s e  i n  a r s e n a t e  
0.1 m l  o f  l u c i f e r i n  (1 mg/ml) 
0.1 m l  of MgS04  (0.01 M )  
The r e s u l t s  are g iven  in  Table  23. 
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Table 23 
ATP Response Due t o  I n j e c t i o n  o f  Water and Buffers 
So lu t ion  
Water 
Tris 
Arsenate 
Glycyl-glycine 
Inherent  Light  ATP Response 
c/30 sec c/30 s e c  
65 
68 
72 
75 
68 
642 
692 
10 16 
The only immediate explanation of the above effects i s  
t h a t  t h e  b u f f e r  components are contaminated  with ATP. This  pheno- 
menon i s  of great importance as i t  w i l l  g i v e  r ise to  increas ing  
i n t e r f e r e n c e  a t  low ATP concentrat ions.  It warran ts  fur ther  
i nves t iga t ion .  
11. Effect of Mixing T ime  and Oxygen on ATP Response 
It has long been fel t  , i n  a n  i n t u i t i v e  f a s h i o n ,  t h a t  
the maximum i n i t i a l  ATP response was re la ted  to  the  speed  of  ATP 
i n j e c t i o n .  It w a s  observed,  however,   that  on va ry ing  the  in j ec t ion  
speed of the NASA Unit from 1500 m seconds to  600 m seconds,  there  
was no s i g n i f i c a n t  c h a n g e  i n  t h e  peak l i gh t  ou tpu t .  I n  o r d e r  t o  
examine the  e f fec ts  of  an  even  fas te r  in jec t ion  speed ,  a r rangements  
were made with D r .  Quentin Gibson of the Johnson Research Foundation, 
University of Pennsylvania,  to use his rapid mixing equipment.  By 
t h e  u s e  of this equipment,  i t  was poss ib le  to  obta in  comple te  mixing  
of ATP w i t h  t h e  l u c i f e r a s e - l u c i f e r i n  i n  3 m seconds. 
Although the experiments were c a r r i e d  o u t  i n  a r a t h e r  
qua l i t a t ive  f a sh ion ,  t he  r e su l t s  i nd ica t ed  once  aga in  tha t  t he  speed  
of mixing was not  c r i t i ca l .  
A possibly important  difference in  Gibson 's  procedure i s  
tha t  he  uses  two sy r inges ,  one  con ta in ing  the  luc i f e ra se - luc i f e r in  
mixture   and  the  other   containing ATP. Both sy r inges  were i n j e c t e d  
by the  app l i ca t ion  o f  hydrau l i c  p re s su re  in to  a c u v e t t e  f a c i n g  t h e  
photon,  whereas i n  t h e  s t u d i e s  c o n d u c t e d  i n  t h i s  l a b o r a t o r y ,  t h e  
ATP i s  i n j e c t e d  i n t o  a s t a t i c  enzyme mixture. 
An exper iment  to  de te rmine  addi t ion  to  the  reac t ion  mixture  
was a l s o  c a r r i e d  o u t  i n  D r .  Gibson's  laboratory.   This was done by 
f i r s t  removing oxygen from both the luciferase-luciferin system 
and t h e  ATP s o l u t i o n  by exhaustive  evacuation. The two s o l u t i o n s  
were mixed i n  a cuvet te  pos i t ioned  before  a photomultiplier tube.  
The r e a c t i o n  was i n i t i a t e d  by t h e  a d d i t i o n  o f  oxygen. The inc rease  
i n  ATP response as the  resu l t  o f  th i s  procedure  over  tha t  where  
oxygen i s  p resen t  a t  the beginning was about 10%. It was concluded 
t h a t  t h e  small ga in  seen  he re  d id  no t  j u s t i fy  the  f ab r i ca t ion  of 
the  accessor ies  necessary  for  th i s  technique .  
12. Optimal Enzyme Concentration 
Due t o  t h e  v a r i a b i l i t y  among luc i f e ra se  p repa ra t ions  and 
t h e i r  l a c k  o f  p u r i t y  w i t h  r e s p e c t  t o  p r o t e i n ,  i t  i s  imposs ib le  to  
e s t a b l i s h  a def in i te  op t imal  concent ra t ion .  This  would r e q u i r e  t h e  
use of a c r y s t a l l i n e  l u c i f e r a s e  p r e p a r a t i o n .  It was o f  i n t e r e s t ,  
however, to  de te rmine  the  e f fec ts  of  changes  in  the  concent ra t ion  
of bo th  the  c rude  luc i f e ra se  p repa ra t ions  and t h e  p a r t i a l l y  p u r i f i e d  
preparat ions on t h e  ATP response.  Representative  experiments w i l l  
be  presented  here.  It should  be  s t ressed,   however ,   that   the   values  
obtained w i l l  vary from one preparat ion to  the next .  
a. Crude  Luciferase 
A c rude  lyoph i l i zed  f i r e f ly  l an te rn  ex t r ac t  (Sigma grade) 
w a s  d i s s o l v e d  i n  d i s t i l l e d  water a t  var ious  concent ra t ions  and 
assayed  for  ac t iv i ty  us ing  the  RCA Unit .  
Reaction  Mixture - 
0.3 m l  o f  e x t r a c t  
0.1 m l  of ATP (1 x 10 d\) i n j e c t e d  - 2  
The r e s u l t s  are  shown in  F igu re  18. 
The inh ib i t ion  observed  a t  concentrations above 50 mg/ml 
i s  q u i t e   s t r i k i n g .  The f ac to r s   r e spons ib l e  are as y e t  unknown. It 
i s  a l s o  of i n t e r e s t  and  poss ib ly  of  s ign i f icance  tha t  the  inherent  
l i g h t  c o n t i n u e s  t o  rise e v e n  a f t e r  t h e  ATP r e a c t i o n  i s  inh ib i t ed .  
It may be  tha t  t he  inc reased  endogenous ATP as t h e  r e s u l t  of t h e  
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Figure No. 18 - ATP response as a function of lyophilized  crude 
extract  concentration. 
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higher  pro te in  concent ra t ion  more t h a n  o f f s e t s  t h e  i n h i b i t i o n  e f f e c t .  
b. P a r t i a l l y   P u r i f i e d   L u c i f e r a s e  
Using a p a r t i a l l y  p u r i f i e d  l u c i f e r a s e  p r e p a r a t i o n  from a 
Sephadex G-100 column, the following experiment was car r ied  out .  
Var ious  d i lu t ions  in  0.05 M a r sena te  o f  t he  enzyme as i t  
emerged from t h e  column were prepared and assayed for  act ivi ty .  
Reaction Mixture 
0 .1  m l  extract a t  s p e c i f i e d  d i l u t i o n  
0.1 m l  o f  l u c i f e r i n  (1 mg/ml) 
0.1 m l  of MgSO (0.01 M) 4 
0.01 m l  of ATP (1 x  IO-^^) 
Counting t i m e  - 30 seconds; NASA Unit  
This experiment i s  descr ibed in  Table  24.  
Table 24 
ATP Response As a Function of Luciferase Dilut ion 
D i l u t i o n  
S t ock 
1:l 
1 :2  
1 : 3  
1 :4  
1 : 5  
1 :10 
Inherent Light 
c /30  sec 
221,695 
172,740 
115,938 
70,647 . 
58  ,209 
42,86 1 
18,8  13 
ATP Response 
c /30  sec 
1 , 735,847 
1,016,907 
968 , 120 
762,254 
736,324 
594 , 349 
328,999 
The above experiment i s  of value from the standpoint of 
enzyme conservation. It is  e v i d e n t   t h a t   t h i s   p a r t i c u l a r   p r e p a r a t i o n  
cou ld  be  eas i ly  d i lu t ed  1:2 wi thou t  an  in to l e rab le  d rop  in  ATP 
response. It i s  recommended tha t  each  enzyme preparat ion  be  assayed 
in  the  above  manner to  de te rmine  the  maximal d i l u t i o n  of t h e  enzyme. 
H. Enzyme Storage 
A pr ime requi rement  for  the  luc i fe rase  sys tem i f  it i s  t o  
be used as a l i f e  d e t e c t i o n  s y s t e m  i s  s t a b i l i t y  0ve.r extended periods 
of time. Luciferase  being  an enzyme, as i s  t r u e  f o r  most  enzymes, 
i s  s table   only  under   r igorously  control led  condi t ions.   These  con-  
d i t ions  inc lude  tempera ture ,  mois ture ,  pH, and  gaseous  environment. 
The s t u d i e s  t o  b e  d e s c r i b e d  r e p r e s e n t  a t t e m p t s  t o  e l u c i d a t e  some 
of t he  cond i t ions  necessa ry  fo r  t he  s t ab i l i za t ion  o f  t he  luc i f e ra se -  
luc i fe r in  sys tem.  
1. S t o r a g e   i n   S o l u t i o n  
It w a s  noted very e a r l y  d u r i n g  t h e s e  s t u d i e s  t h a t  l u c i f -  
e r a s e  when p u r i f i e d  on Sephadex columns l o s t  most of i t s  a c t i v i t y  
on freezing  and  thawing.  This i s  a phenomenon which i s  r a t h e r  
common among enzymes. Freezing  of  the enzyme i n  s o l u t i o n  was no t  
considered any fur ther .  
It was dec ided  to  exp lo i t  ano the r  cha rac t e r i s t i c  o f  
enzymes, t h e i r  i n c r e a s e d  s t a b i l i t y  i n  t h e  p r e s e n c e  of t h e i r  s u b s t r a t e s .  
The following experiment was car r ied  out .  
A 10 m l  p a r t i a l l y  p u r i f i e d  l u c i f e r a s e  f r a c t i o n  was mixed 
with 10 m l  of l u c i f e r i n  (1 mg/ml)  and 10 m l  of MgSO (0.01 M) .  The 
reac t ion  mix tu re  was a l lowed to  s tand  in  a cold bath a t  4OC wi th  
a l iquots  assayed  per iodica l ly  for  ATP response.  See  Table 25 f o r  
4 
r e s u l t s .  
Reaction  Mixture 
0.3 m l  of enzyme - l u c i f e r i n  
0.01 m l  of ATP (1 x 
Counting time - 30 seconds; NASA Unit 
Table 25 
S t a b i l i t y  of  Luci fe rase-Luci fe r in  Solu t ion  in  Cold 
Time (Days) Inherent   Light  ATP Response 
c/30  sec  c /30  sec 
0 
1 
2 
8 
30 
60 
83,306 
323 
2 34 
215 
300 
105 
1,121,528 
1,032,734 
1,005,745 
1,003,625 
626,333 
425,243 
It is  e v i d e n t  t h a t  l u c i f e r a s e  when s tored under  the 
above  condi t ions  exhibi ts  a ra ther  h igh  degree  of s t a b i l i t y .  It 
would b e  o f  i n t e r e s t  t o  o b s e r v e  t h e  s t a b i l i t y  of the  sys tem in  a 
nitrogen  atmosphere  under  the  same  conditions  of  temperature  and  time. 
2. Lyophilization 
Lyophilization  is  a  classical  technique  for  the  storage 
of  labile  biological  intermediates.  The  storage  of  a  compound  in  a 
dry  state  has  rather  obvious  advantages  over  storage  in  a  liquid 
state. It was  therefore  decided  to  evaluate  this  technique. A 
representative  lyophilization  is  described  below. 
A reaction  mixture  containing 20 ml of  a  partially  purified 
luciferase  preparation  from  a  Sephadex G-100 column, 20 ml of  luciferin 
(1 mg/ml) , 20 ml of  MgS04 (0.1 M) , and 200 mg of bovine  serum  albumin 
was prepared  and  assayed. 
Reaction  Mixture 
0.3 ml of  enzyme 
0.01 ml of ATP (1 x  IO-^^) 
Inherent  light - 3250 c/30  sec 
ATP response - 1,070,300  c/30  sec 
The  mixture  was  then  lyophilized  overnight. A dry  powder 
weighing  750  mg  was  obtained.  Various  concentrations  of  the  reaction 
mixture  were  dissolved  in  distilled  water  and  assayed  to  determine 
the  optimal  concentration.  This  is  shown  in  Figure 19. 
Reaction  Mixture 
0.3 ml of preparation  at  specified  concentration 
0.01 ml of ATP (1 x  IO-^^) 
Counting  time - 30 seconds; NASA Unit 
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Figure No. 19 - ATP response as a  function of lyophilized  purified 
enzyme  concentration. 
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As  was  observed  with  the  crude  lyophilized  Sigma  extract , 
there  is  inhibition  after  a  concentration  of 50 mg per ml is  reached. 
As before, there  is no explanation  for  this  effect. 
The  lyophilized  powder  at  a  concentration  of 50 mg  per ml 
was  assayed  periodically  using  the  reaction  mixture  described  above. 
The  lyophilized  preparation  was  stored  at -8 C with  a  desiccant. 
See  Table 26 for  results. 
0 
Table 26 
Stability  of  Lyophilized  Luciferase-Luciferin  Preparation 
Time (Days) Inherent  Light 
c / 3 0  sec 
0 
2 
5 
13 
24 
45 
60 
1500 
1650 
1400 
14 50 
12 10 
650 
4 10 
ATP Respons  e 
c / 3 0  sec 
725,394 
740 , 290 
675,475 
600,035 
496,254 
235 , 150 
198,275 
It appears  that  the  lyophilized  preparation  is  stable 
for  approximately  two  weeks  and  then  begins  to  become  inactive. 
It  has  been  suggested  that  the  lyophilized  preparations  be  stored 
at  lower  temperatures  under  nitrogen  to  possibly  prevent  this. 
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I. Sensitivity  and  Linearity of ATP Assay 
A series  of  experiments  were  conducted  to  determine  the 
maximum  sensitivity of the  bioluminescent ATP assay  under  defined 
conditions  and  also  to  determine  the  linearity  of  response  over  a 
range  of ATP concentrations. 
All of  the  studies  to  be  described  were  carried  out  using 
luciferase  preparations  from  Sephadex G-100 columns.  Although  there 
was  variation in activity  between  the  various  preparations,  the  only 
differences  in  the  experimental  conditions  were  the  buffer  solvent 
for ATP and  the  counting  time.  The  inherent  light  level  was  reduced 
by standing  at  room  temperature  for  two  hours. 
The  results  of  these  experiments  are  described  in  Tables 
27 through 34 and  in  Figures 20 through 26. 
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Table 27 
Light Response as a Function of ATP Concentration 
Experiment #l 
Quantity of ATP 
In jec t ed  (e) 
0 (water i n j e c t e d )  
10 -2 
10 -3 
10 -4 
10 -5 
10 -6 
10 -7 
Number of 
Replicates 
16 
8 
8 
8 
8 
8 
16 
Mean Net* 
Response  (c/5 sec) 
-250 
195,671 
85,419 
9,635 
1,539 
443 
89 
Standard 
Deviation 
(c/5 sec) 
84 
1.,652 
10 , 298 
1,534 
212 
16 7 
89 
Reaction Conditions 
0.1 m l  o f  l uc i f e ra se  from Sephadex G-100 column 
0.1 m l  o f  luc i fe r in  (0 .5  mg/ml) 
0.1 m l  of MgS04 (0.01 M) 
0.01 m l  of ATP d i s s o l v e d  a n d  d i l u t e d  i n  d i s t i l l e d  water 
Temperature of reaction mixture - 24OC 
Instrument - NASA Unit 
I n h e r e n t  l i g h t  - three measurements for each ATP r e p l i c a t e  
Mean i n h e r e n t  l i g h t  - 877-1798 c / 5  s e c  
S tandard  devia t ion  of i n h e r e n t  l i g h t  - 117-290 c / 5  s e c  
*ATP response af ter  subtract ion of  inherent  l ight  and net  water response 
Table 28 
Light  Response  as  a  Function  of ATP Concentration 
Experiment 112 
Quantity of ATP Number of Mean Net*  Standard 
Injected (v) Replicates  Response (c/10 sec) Deviation 
(c/10  sec) 
0 (water  injected) 
10 -3  
10 -4 
10 -6 
10 -8 
10 -9 
5 4 3  
4 3 7 1 ,468  
3 6 6 , 6 3 1  
4 6 , 5 7 9  
5 822  
5 27 
5 31 
5 - 13 
23 
6 ,457  
1 ,053  
842 
67 
26 
20 
22 
Reaction  Conditions 
0.1 ml of luciferase  from  Sephadex G-100 column 
0.1 ml of  luciferin ( 0 . 5  mg/ml) 
0.1 ml of MgS04  (0.01 M) 
0.01 ml of ATP  dissolved  and  diluted  in  distilled  water 
Temperature of reaction  mixture - 24OC 
Inherent  light - three  measurements  for  each ATP replicate 
Mean inherent  light - 254-292 c/10  sec 
Standard  deviation - 14-22 c/10  sec 
*ATP response  after  subtraction  of  inherent  light  and  net  water  response 
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Table 29 
Light Response as a Function of ATP Concentration 
Experiment 413 
Quantity  of ATP Number of Mean  Net* Standard 
In j ec t ed  ( - )  Replicates  Response  (c/10 sec) Deviation 
(c/10 sec) 
0 (Tris i n j e c t e d )  5 82  24 
10 -3 5 412,822 10,757 
10 -4 5 73,545 15,497 
10 -5 5 8,067 1,185 
10 -6 5 1,047 6 1  
10 -8 5  2 19 
10 
-7 
5 88  18 
Reaction Conditions 
0.1 m l  of l u c i f e r a s e  from Sephadex G-100 column 
0.1 m l  of l u c i f e r i n  (1 mg/ml) 
0.1 m l  of MgS04 (0.01 M) 
0.01 m l  of ATP dissolved and d i l u t e d  i n  0.05 M Tris 
Temperature of reaction mixture - 15OC 
Inhe ren t  l i gh t  - three measurements  for  each repl icate  
Mean inhe ren t  l i gh t  - 208-232 c/10 sec 
S tandard  devia t ion  of  inherent  l igh t  - 14-19 c/10 sec 
*ATP re sponse  a f t e r  sub t r ac t ion  of i n h e r e n t  l i g h t  and n e t  Tris response 
Table 30 
Light Response as a Function of ATP Concentration 
Experiment 414 
Quantity of ATP 
In iec t ed  (*) 
0 ( T r i s  i n j e c t e d )  
10 -4 
10 -5  
10 -6 
10 -8 
Number of Mean Net* Standard 
Replicates  Response  (c/10 sec) Deviation 
(c/10 sec) 
355 
342  743 
63 ,786  
8 , 2 6 8  
626 
-48 
-119 
38 
-22 
15 583 
6 ,477  
645 
65 
42 
33 
251 
Reaction Conditions 
0.1 m l  of l u c i f e r a s e  from Sephadex G-100 column 
0.1 m l  of l u c i f e r i n  (1 mg/ml) 
0 . 1  m l  of MgS04 (0.01 M )  
0.01 m l  of ATP d isso lved  and  d i lu ted  in  0 . 0 5  M Tris - pH 7 . 4  
Temperature of reaction mixture - 15OC 
Instrument - NASA Unit 
Inhe ren t  l i gh t  - three measurements for each ATP r e p l i c a t e  
Mean i n h e r e n t  l i g h t  - 228-355 c/10 s e c  
S tandard  devia t ion  of  inherent  l igh t  - 11-14 c/10 sec 
*ATP r e s p o n s e  a f t e r  s u b t r a c t i o n  of  inherent  l ight  and net  T r i s  
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Table 3 1  
Light  Response  as  a  Function  of ATP Concentration 
Experiment 85  
Quantity of ATP Number of 
Injected (e) Replicates 
0 (Arsenate  injected) 
LO -4 
10 -5  
10 -6 
10 -8 
10 -9 
10 
-7 
Mean Net* 
Response  (c/10  sec) 
73 
320,932 
43,975 
6,439 
9 75 
1 2 1  
60 
119 
Standard 
Deviation 
(c/lO  sec) 
2 1  
28 , 994 
10,068 
60 7 
132 
10 
46 
15 
Reaction  Conditions 
0.1 ml  of  luciferase  from  Sephadex G-100 column 
0.1 ml of  luciferin (1.0 mg/ml) 
0.1 rnl of  MgS04 (0.01 M) 
0.01 ml of  ATP  dissolved  and  diluted  in  arsenate  buffer 
Temperature  of  reaction  mixture - 24OC 
Inherent  light - three  measurements  for  each  ATP  replicate 
Mean  inherent  light - 66-121 c/10  sec 
Standard  deviation  of  inherent  light - 6-22 c/10  sec 
*ATP  response  after  subtraction  of  inherent  light  and  net  arsenate 
response 
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Table 32 
Light Response as a Function of ATP Concentration 
Experiment #6 
Quantity  of ATP  Number of 
In j ec t ed  (e) Replicates  
0 (Arsenate   injected)  7 
10 -3  3 
10 -4 3 
10 -5  3 
10 -6 3 
10 -8 3 
10 -9 7 
3 
Reaction Conditions 
Mean Net* 
Response  (c/10 sec) 
1,757 
242 ,466  
4 3 , 1 7 8  
4 , 4 2 3  
1 ,665  
498  
436 
26 1 
0.1 m l  of l u c i f e r a s e  from Sephadex G-100 column 
0.1 m l  of l u c i f e r i n  (1.0 mg/ml) 
0.1 m l  of MgS04 (0.01 M) 
0.01 m l  of ATP d isso lved  and  d i lu ted  in  a rsena te  
Temperature of reaction mixture - 15Oc 
Standard 
Deviation 
(c/10 sec) 
256 
16 ,364  
925 
1 ,O 7 4  
19 
398 
8 1  
333 
buffer  
Inhe ren t  l i gh t  - three measurements for each ATP r e p l i c a t e  
Mean i n h e r e n t  l i g h t  - 124-228 c/10 sec 
Standard  devia t ion  of  inherent  l igh t  - 12-33 c/10 sec 
*ATP re sponse  a f t e r  sub t r ac t ion  o f  i nhe ren t  l i gh t  and n e t  a r s e n a t e  
response 
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Table 33 
Light Response a s  a Function of ATP Concentration 
Experiment #7 
Quantity  of ATP Number of Mean Net* Standard 
In j ec t ed  ($) Replicates  Response  (c/10 sec) Deviation 
(c/10 sec) 
0 (Arsenate   injected)  3 
10 -8 7 
10 -I1 2 
150 
84 
19 
22 
52 
Reaction Conditions 
0 .1  ml of  luc i f e ra se  from Sephadex G-100 column 
0 .1  ml of l u c i f e r i n  (1 mg/ml) 
0 .1  ml of MgS04 (0.01 M) 
0.01 m l  of ATP d isso lved  and  d i lu ted  in  0 .05  M arsenate 
bu f fe r  - pH 7.4 
Temperature of reaction mixture - 15OC 
Instrument - NASA Unit 
Inhe ren t  l i gh t  - t h ree  measurement$ for  each ATP r e p l i c a t e  
Mean i n h e r e n t  l i g h t  - 1045-1492  c/10  sec 
S tandard  devia t ion  of  inherent  l igh t  - 389 c/10 sec 
*ATP r e sponse  a f t e r  sub t r ac t ion  o f  i nhe ren t  l i gh t  and n e t  a r s e n a t e  
response 
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Table 34 
Estimates of Levels  of Confidence for the Detection of Low 
Concentrations of ATP 
Quantity 
of ATP ($) 
10 -8 
10 -9 
10 -8 
10 -8 
10 -9 
10 -8 
10 -9 
10 -8 
10 -9 
10 -8 
Mean  ATP Lower 95% 
Response Confidence 
(c/10  sec) Limit 
(c/10 sec)* 
89 
27 
31 
- 13 
88 
2 
-48 
-119 
38 
121 
60 
119 
498 
436 
261 
84  
-89 
-25 
-9 
-57 
52 
-36 
-132 
-185 
-464 
10 1 
-32 
89 
-298 
2 74  
-405 
- 20 
Confidence 
Level For. a 
Positive 
Response (%) 
8 4  
85 
94 
28 
100 
54 
13 
0.02 
56 
100 
90 
100 
89 
100 
78 
95 
*Counting time in Experiment #l was five seconds 
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Figure No. 24 - Light response as a function of ATP concentration - 
Experiment No. 5 
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Figure No. 26 - Light response as a function of ATP concentration - 
Experiment No. 7. 
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It is  seen  in  the  data  presented  above  that ATP can  be 
detected  down  to  a  level  of 10 $ with levels  of  confidence  ranging -8 
from 0.02% to loo%, and  indeed,  a  positive  response is elicited 
at 10' 2j' with  confidence  limits  of 28% to 78%. 
On analysis of the  data  presented  above,  two  problems 
become  quite  apparent.  The  first  is  the  variability  in  the  levels 
of confidence  with  which  low ATP concentrations  can  be  measured. 
The  second  problem  is  the  lack  of  linearity  of  light  response  to 
ATP  at  concentrations  less  than 10 3. -7 
There  are  many  factors  which  might  possibly  cause  the 
variations  seen  in  the  light  response  at  low  concentrations.  Some 
of these  factors  are: 
(1) Lack of  reproducibility  in  the  volume  of  injected 
ATP. 
( 2 )  Non-uniformity  in  cuvette  size;  this  would  cause 
variations in the  length  of  the  light  path  to  the 
photomultiplier  tube. 
( 3 )  Inherent  problems  in  pulse  counting  photometers; 
it  has  been  observed  that  the  response of the 
NASA  Unit  to  a  standard  light  source  with  constant 
light  emission  is  subject  to  variation.  This  is 
due  to  the  random  emission  of  the  voltage  pulses 
elicited  by  light  incident  to  the  photomultiplier 
tube. 
It is  obvious  that  additional  study  is  necessary  to 
conclusively  establish  the  nature  of  the  factors  responsible  for 
the  variations  in  ATP  response. 
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Nonlinearity  in  ATP  response  at  low  concentration  must 
also  be  the  subject  of  further  investigations.  It  is  impossible 
to  decide  at  this  time  whether  this  nonlinearity  is  due to
instrumentation  or  if  it  is  biochemical  in  origin,  i.e.,  ATPase 
contamination,  binding  of ATP to  container  walls, etc. 
IV.  INSTRUMENTATION 
A. Rationale  of  Instrument  Design 
The  objectives  which  governed  the  design of the 
instrumentation  for  bioluminescent  measurements  were  as  follows: 
1. High  sensitivity 
2. Flexibility  to  allow  the  evaluation  of  a  variety  of 
variables 
3.  Facilities  for  controlled  environment. 
B. Instrument  Design  and  Operation 
The  theory  of  operation,  instrument  design,  and  actual 
operation  are  described  in  Appendix I1 - Instruction  Manual  for 
ATP  Detection  Instrument. 
C. Instrument Calibration 
A  set  of  sixty  measurements  was  recorded  for  each  of 
three  light  levels  obtained  using  a  masked  standard  light  source. 
There  are  data  reproduced  here  (See  Tables 35, 36 and 37) showing 
the  readings  obtained  by  counting  phototube  output  pulses  for a 
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Table 35 
RESPONSE OF ATP DETECTION INSTRUMENT 
TO STANDARD LIGHT SOURCE 
U.S. Radium Corp., 6150 Serial 52522 
Date of Test: Dec. 21,  1964 
Source Temperature: 24OC Photocathode temperature : -25OC 
Area of  Source Exposed: 0.012 i n  
Discriminator Settings: 500 
Pulse Counting Interval: 5 seconds 
2 
Counts recorded from exposed  source 
Light flux from exposed, filtered  source: 1.16 x 10 lumens -9 
1741 
1751 
1716 
1727 
1747 
1757 
1788 
1726 
1723 
1742 
1735 
1734 
1739 
1748 
1736 
1744 
1738 
1750 
1734 
1753 
1747 
1746 
1743 
1734 
1746 
1738 
1744 
1731 
1748 
1729 
1802 
1753 
1731 
1744 
1772 
1753 
1721 
1717 
1772 
1731 
17 18 
1734 
1755 
17  29 
1744 
1780 
1722 
1761 
1739 
1747 
1732 
1729 
1749 
1766 
1749 
1772 
1736 
1721 
1754 
1769 
Average count/interval 1744 
Variance 305 
Standard Deviation 18 
Table 36 
RESPONSE OF ATP DETECTION INSTRUMENT 
TO STANDARD LIGHT SOURCE 
U.S .  Radium Corp., 6150 S e r i a l  52522 
Date of Test: Dec. 2 1 ,   1 9 6 4  
Source  Temperature: 24OC Photocathode  temperature : -25OC 
Area of  Source  Exposed: 0.012 i n  
Discr imina tor   Se t t ings :  500 
Pulse  Count ing  Interval :  5 seconds 
2 
Counts recorded from exposed source through a 12.5% t r a n s m i s s i o n  f a c t o r  f i l t e r  
Light   f lux  f rom  exposed,   f i l tered  source:  1.45 x 10 lumens - 10 
339 
344 
3  34 
305 
343 
3  19 
363 
30  7 
311  
338 
3  16 
339 
342 
32h 
348 
3  50 
339 
3  19 
346 
326 
312 
341 
322 
360 
344 
3  12 
33 1 
329 
34 1 
326 
312 
323 
357 
309 
329 
3 12 
322 
347 
311  
334 
326 
331 
358 
317 
320 
329 
344 
364 
352 
3  12 
3 19 
334 
347 
323 
309 
327 
350 
3 18 
322 
340 
Average  count / interval  3 3 1  
Variance 232 
Standard  Deviation 16 
Table 3 7  
RESPONSE OF ATP DETECTION INSTRUMENT 
TO STANDARD LIGHT SOURCE 
U . S .  Radium Gorp., G150 S e r i a l  52522 
Date of Test: Dec. 21,  1964 
Source of Temperature: 24OC Photocathode  temperature : -25OC 
Area of  Source  Exposed: 0.012 i n  2 
Discr imina tor   Se t t ings :  500 
Pulse  Counting  Interval:  5 seconds 
Counts recorded from exposed source through a 0.0125% t r a n s m i s s i o n  f a c t o r  f i l t e r  
Light   f lux  f rom  exposed,   f i l tered  source:  1.45 x  lumens 
14 
19 
19 
19 
14 
13 
16 
16 
2 1  
11 
15 
17 
17 
18 
15 
12 
19 
13 
17 
16 
18 
17 
18 
14 
16 
21 
12 
14 
13 
14 
15 
15 
17 
12 
18 
12 
1.9 
14 
14 
17 
19 
16 
14 
13 
13 
21 
19 
16 
12 
13 
15 
12 
17 
17 
16 
18 
9 
21 
19 
16 
Average  count / interval  16 
Variance 8 
Standard  Deviation 3 
I 
precise  f ive-second per iod as r e g i s t e r e d  on the read-out  panel  on 
the instrument.  Also shown are the  average  counts ,  the  computed 
va r i ance  and s tandard deviat ion of  the se t  of measurements.  The 
s tandard deviat ion has  not  been corrected for  any error  of  the 
ca l cu la t ed  mean. 
A se t  of f i f t y  measurements was t aken  wi th  the  da rk  s l ide  
c losed  but  wi th  a l l  o t h e r  f a c t o r s  t h e  same as those  above.  These 
data are reproduced here (See Table 38) toge ther  wi th  the  compu- 
ta t ions  necessary  to  de te rmine  the  mean and  the  s tandard  devia t ion  
of  the set  of measurements. 
The conclusion that  can be drawn from these  da t a  i s  t h a t  
t he   l owes t   l i gh t   l eve l   t e s t ed  (1.45 x lumens)  can  be distin.- 
guished from the phototube dark count with a confidence l i m i t  of 
ninety-nine percent  when a five-second reading of each are made 
and  compared.  For l i g h t  levels s i g n i f i c a n t l y  lower  than  this  (by 
a t  least one  o rde r  o f  magn i tude )  t he  ab i l i t y  to  conf iden t ly  d i s -  
criminate between light and dark counts obtained rapidly diminishes.  
It i s  i m p o r t a n t  t o  n o t i c e  t h a t  t h e  number of counts recorded i s  
not a l i nea r  func t ion  of t h e  l i g h t  i n t e n s i t y  b u t  a much slower 
decreasing  one.   This   character is t ic  makes i t  d i f f i c u l t  t o  d i f f e r -  
e n t i a t e  between two levels of approximately the same i n t e n s i t y .  
Figure 27 i s  a p lo t  o f  t he  p re sen t  da t a  showing the average counts 
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Table 38 
ATP DETECTION INSTRUMENT 
DARK COUNT MEASUWENT 
Date of Test: Dec. 22, 1964 
Photocathode Temperature: -25OC 
Discriminator  Setting: 500 
Pulse Counting Interval: 5 seconds 
6 
9 
4 
6 
7 
10 
7 
4 
8 
10 
7 
11 
8 
5 
10 
6 
6 
10 
13 
11 
9 
9 
9 
11 
5 
12 
8 
7 
6 
6 
9 
13 
11 
10 
8 
7 
4 
8 
12 
7 
10 
12 
7 
5 
8 
6 
12 
3 
6 
13 
Average count/interval 8 
Variance a 
Standard Deviation 3 

and the  s t anda rd  dev ia t ion  obse rved  fo r  t he  th ree  l i gh t  levels 
analyzed. A t  t he  th re sho ld  o f  r e l i ab le  de t ec t ion ,  t he  minimum 
change i n  i n t e n s i t y  t h a t  c a n  b e  d e t e c t e d  w i t h  a n ine ty- f ive  percent  
confidence level i n  a s i n g l e  measurement is  prac t ica l ly  one  order  
of magnitude. 
Two factors can be used to improve the confidence level. 
One i s  t o  i n c r e a s e  t h e  t i m e  of measurement; the other is  t o  t a k e  
mult iple  samples  (another  vers ion of  increasing the observat ion 
t i m e ) .  One reading  for  a longer t i m e  mus t  be  t r ea t ed  d i f f e ren t ly  
from separa te  readings  when ana lyz ing  the  da ta .  The p resen t  f i ve -  
second measurement period w a s  es tab l i shed  empir ica l ly  for  the  
ins t rument  ca l ibra t ion  and  may not be an optimum i n t e r v a l .  The 
change in  observa t ion  per iod  is t h e  r e a s o n  f o r  t h e  s l i g h t  d i f f e r e n c e  
i n  minimum d e t e c t a b l e  l i g h t  level derived from the  da ta  presented  
here  and data  previously reported.  
As a resu l t  o f  exper iments  conducted  to  es tab l i sh  an  
ins t rument  ca l ibra t ion  curve ,  it was de termined  tha t  for  the  present  
enzyme sys tem,  an  in jec t ion  volume of ATP of 0 .01 m l  was des i r ab le .  
The o r i g i n a l  s y r i n g e  s e l e c t e d  f o r  t h e  i n j e c t i o n  d o e s  n o t  p o s s e s s  
t h i s  c a p a c i t y  so  a d isposable  type  1 rnl syringe was s u b s t i t u t e d .  
Due to  the  d i f f e rence  in  d imens ions  of t h e  two syr inges ,  modi f ica t ion  
of   the  instrument   syr inge  holder  i s  required.  The modif icat ion 
has  been  designed  and w i l l  be  fabr icated.  In  the inter im,  temporary 
measures have been taken to allow the use of the new syr inge .  
The s u b s t i t u t i o n  o f  t h e  l a r g e r  c a p a c i t y  s y r i n g e  a l l o w s  
a s i m p l i f i c a t i o n  o f  t h e  s t e r i l i z a t i o n  p r o c e d u r e  s i n c e  t h e s e  s y r i n g e s  
are a v a i l a b l e  i n  a c l e a n ,  s ter i le  condi t ion designed for  one-t ime 
use. It is  more f e a s i b l e  a t  t h i s  t i m e  t o  u s e  t h e  d i s p o s a b l e  d e s i g n  
than  to  pu r sue  the  s t e r i l i za t ion  p rocedure .  A s  the  experiment is  
r e f ined ,  t he  in j ec t ed  sample  s i ze  may be reduced and the original 
syringe  re-employed. As repor ted   p rev ious ly ,   the   l a rger  volume of 
in jec ted  sample  appears  to  resu l t  i n  a more rapid mixing of the 
components. 
A ca l ib ra t ion  cu rve  was es tab l i shed  for  the  ins t rument  
using an enzyme prepara t ion  descr ibed  in  the  Biochemis t ry  Sec t ion .  
For the  ca l ib ra t ion  o f  t he  in s t rumen t ,  g l a s s  cuve t t e s  
were  used to  conta in  the  enzyme- luc i fe r in  mixture .  A volume  of 
0.3 m l  of enzyme mixture  was employed, and the loaded cuvet te  was 
allowed to stand a t  room temperature  for  a t  least ten minutes 
before  be ing  p laced  in  the  reac t ion  chamber.  This was done i n  a n  
at tempt  t o  s t a b i l i z e  t h e  i n h e r e n t  l i g h t  l e v e l .  A t  one  point   in  
t he  ca l ib ra t ion  p rocedure ,  f r e sh  enzyme mixture  was prepared from 
the  s tock  so lu t ion  in  o rde r  t o  a sce r t a in  whe the r  o r  no t  t he  ac t iv i ty  
of t h e  enzyme had changed s i g n i f i c a n t l y  d u r i n g  t h e  c a l i b r a t i o n  r u n  
(some four   hours   durat ion) .  The r e su l t s  ob ta ined  showed  no change 
I 
i n  t h e  enzyme a c t i v i t y .  
The ATP samples were prepared by d i l u t i o n  o f  a s tock  
s o l u t i o n  so t h a t  t h e  r e q u i s i t e  q u a n t i t y  o f  ATP was con ta ined  in  
each 0.01 m l  volume to be injected.  During the measurement of the 
response  to  gamma q u a n t i t i e s  o f  ATP, f r e s h  ATP so lu t ions  o f  t he  
same concentration were prepared and used t o  determine whether 
t h e r e  w a s  any subs tan t ia l  hydro lys is  of  the  ATP with time i n  t h e  
ve ry  d i lu t e  so lu t ion .  The re  was no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  
measured response between the fresh and the aged ATP samples. 
The instrument was p repa red  fo r  ca l ib ra t ion  by allowing 
i t  to  s t and  r eady  fo r  a period  of two hours. The only  parameter 
wh ich  migh t  r equ i r e  th i s  l ong  fo r  s t ab i l i za t ion  i s  the temperature 
of  the  phototube  front  face.  The thermo-electric  cooler  temperature 
w i l l  s t a b i l i z e  i n  less than twenty minutes  but  the thermal  path 
to  the  photoca thode  cons is t s  of  a h e a t  s i n k  compound i n  c o n t a c t  
with the glass  neck of  the phototube and a longer period of cooling 
w a s  a l lowed to  br ing  the  photoca thode  to  the  thenno-e lec t r ic  cooler  
temperature. Ten readings  ( f ive  seconds  each)  were taken  of  the 
phototube dark current  to  confirm the ant ic ipated value,  and the 
ca l ibra t ion  procedure  was begun. 
The f i r s t  measurements were made on  the  e f f ec t  o f  
introducing a water sample of 0.01 m l  i n t o  t h e  0.3 m l  enzyme 
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mix tu re .  S ix t een  sepa ra t e  r eac t ions  were i n i t i a t e d  u s i n g  s t e r i l e ,  
deionized water. In  each  case five separate measurements were 
t aken  o f  t he  inhe ren t  l i gh t  level and one reading of the sample 
l i g h t  l e v e l  a f t e r  i n j e c t i o n .  The response  count  began  with  the 
i n i t i a t i o n  o f  t h e  i n j e c t i o n .  The i n j e c t i o n  o f  theO.O1 m l  water 
sample was completed i n  25 mi l l i s econds .  
The d a t a  show t h a t ,  i n  e a c h  c a s e ,  t h e  l i g h t  e m i t t e d  by 
t h e   r e a c t i o n  as measured by the  instrument  decreased.  This i s  
due t o  t h e  water d i l u t i n g  t h e  enzyme mix tu re  tha t  is  wi th in  the  
f ie ld  of  view of  the phototube.  The l igh t  emi t ted  decreased  by 
approximately  ten  percent.  The average loss for   the   s ix teen   samples  
and the standard deviation of the values were computed f o r  t h e  
purpose of  correct ing subsequent  data  for  the change in  inherent  
l ight  level  produced by d i l u t i o n  of t he  enzyme mixture by the  
volume  of the  injected  sample.   This   change  in   the  inherent   l ight  
level due t o  d i l u t i o n  h a s  a s u b s t a n t i a l  e f f e c t  on t h e  a b i l i t y  t o  
d e t e c t  small q u a n t i t i e s  o f  ATP as w i l l  become appa ren t  i n  the  
d i scuss ion  o f  t he  ca l ib ra t ion  da ta  to  fo l low.  
The procedure  for  da ta  cor rec t ion  was to  de te rmine  the  
l e a s t  number of  counts  los t  due  to  d i lu t ion  a lone ,  and t o  add t h i s  
number to the response obtained from a r e a c t i o n  d u e  t o  t h e  i n j e c t i o n  
of ATP i n  t h e  same volume of water. S ince  the  inhe ren t  l i gh t  
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level i s  v a r i a b l e  from sample t o  sample, a net change i n  l i g h t  
level i s  t aken  to  r ep resen t  t he  r e sponse  to  the  in j ec t ed  ATP. 
I f  t h e  i n h e r e n t  l i g h t  level w a s  constant  from test t o  t e s t ,  t h e  
procedure would be somewhat simpler.  
The d a t a  f o r  t h e  water r e a c t i o n  is i n c l u d e d  i n  t h i s  
r epor t  t oge the r  w i th  the  ca l cu la t ion  o f  t he  s t anda rd  dev ia t ion  
of t h e  set  o f  s ix t een  measurements% 
The f i r s t  c a l i b r a t i o n  s e t  was obtained with eight  
samples by i n j e c t i n g  1 x 10 gamma of ATP i n  a 0.01 m l  water 
s o l u t i o n .  The da ta   for   these   samples  are  inc luded   i n   t h i s   r epor t  
-2 
toge ther  wi th  the  ca lcu la t ion  of  the  s tandard  devia t ion  of  the  
se t  of  measurements.  Subsequent sets of  da ta ,  cons is t ing  of  
eight samples each, were ob ta ined  fo r  i n j ec t ions  of q u a n t i t i e s  
of 10 , and 10 g a m a s  of ATP. The da ta   for   each  
of  these sets a re  a t t ached  toge the r  w i th  the  ca l cu la t ion  of the 
mean response and the s tandard deviat ion for  each se t  of measurements.** 
-5 -6 
For the  de te rmina t ion  of  the  response  due  to  the  in jec t ion  
of a gama   quan t i ty   o f  ATP, sixteen  measurements  were made. 
These d a t a  are a t t a c h e d  t o  t h i s  r e p o r t .  Upon examinat ion,  the data  
are i n c o n s i s t e n t ,  s i n c e  a f t e r  c o r r e c t i n g  f o r  t h e  least expected 
d i l u t i o n  loss t h e r e  i s  a n e t  loss a f t e r  t h e  i n j e c t i o n  of ATP. It 
is  u n l i k e l y  t h a t  t h e  i n j e c t i o n  o f  ATP r e s u l t s  i n  no emission of 
*See Table 39 
**See Table 43-45 
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Table 39 '  
RESPONSE OF ATP DETECTION INSTRUMENT 
TO INJECTION OF WATER INTO ENZYME M I X T U R E  
Date of Test: Dec. 22,  1964 
Volume of Enzyme Mixture : 0.3 ml In j ec t ed  H 0 Volume: 10 lambda 
Reaction  Temperature: 24OC Photocathode  Temperature: -250C 
Discr imina tor   Se t t ing :  500 Glass cuve t t e  
Pulse   Count ing  Interval :  5 seconds  Inject ion Time: 0.025 seconds 
2 
Sample No. Inherent  Light  Response 
(average) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
3212 
3195 
3209 
2965 
3098 
300  7 
3114 
2216 
2734 
2744 
2846 
2786 
2857 
2849 
269 9 
2783 
2811 
2888 
2889 
2629 
2851 
2675 
2813 
2121 
2436 
2516 
2638 
2658 
2676 
2608 
2404 
2620 
Average coun t / in t e rva l  -250 
Variance 6997 
Standard  Devi t ion 84 
Table 40 
RESPONSE OF ATP DETECTION INSTRUMENT 
To ATP SAMPLE INJECTION 
Date of Test: Dec. 22,  1964 
Volume of Enzyme Mixture: 0.3 m l  Injected H 0 volume: 10 lambda 
Reaction Temperature: 24OC Photocathode Temperature : -25OC 
Discriminator Setting: 500 G1as.s Cuvette 
Pulse Counting Interval: 5 seconds Injection Time: 0,025 seconds 
2 
Sample Content: 10 gamma ATP -2 
Sample No. Inherent Light 
(average) 
937 
1282 
1798 
1265 
1198 
1148 
1084 
1593 
Response 
193,985 
195,445 
199,292 
195,425 
196,990 
196,878 
196,257 
199,403 
Average bountlinterval 195,522 
Variance 2.7 x 10 
Standard Deviation 1650 
6 
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Table 41  
RESPONSE OF ATP DETECTION INSTRUMENT 
TO ATP  SAMPLE INJECTION 
Date of Test: Dec. 22, 1964 
Volume of Enzyme Mixture:  0.3 ml 
Reaction  Temperature: 24OC 
Discr imina tor   Se t t ing  : 500 
Pulse   Count ing   In te rva l :  5 seconds 
Sample  Content: 10 gamma ATP -3 
Sample No. Inherent   L ight  
(average) 
Glass Cuvet te  
I n j e c t i o n  Time: 0.025  seconds 
1947 
1964 
1923 
1880 
184 7 
1993 
1176 
1656 
Response 
70,181 
93,441 
100,401 
85,050 
85,012 
83,354 
98,981 
79,316 
Average count / interval  87,068 
Variance 7.249 x 10 
Standard Deviat ion 10 , 180 
8 
126 
Table 42 
RESPONSE OF ATP DETECTION INSTRUMENT 
TO ATP SAMPLE INJECTION 
Date of Test: Dec. 22, 1964 
Volume of Enzyme Mixture : 0.3 ml 
Reaction Temperature: 24OC 
Discriminator Setting: 500 Glass Cuvette 
Pulse Counting Interval: 5 seconds Injectfon Time: 0.025 seconds 
Sample Content: 10 gamma ATP -4 
Sample No. Inherent  Ligh
(average) 
1602 
17  13 
1747 
1565 
1550 
822 
146 1 
1570 
Response 
92 33 
11,531 
12,331 
12,286 
11,975 
11,636 
8826 
9  289 
Average countlinterval 9485 
Variance 2.40 x 10 
Standard Deviation 1550 
6 
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Table 4 3  
RESPONSE OF ATP DETECTION INSTRUMENT 
TO ATP S&fPLE INJECTION 
Date of Test: Dec. 22 ,   1964  
Volume of Enzyme Mixture: 0 . 3  ml 
Reaction Temperature: 24OC 
Discriminator S e t t i n g :  500 Glass  Cuvette 
Pulse Counting Interval: 5 seconds Injection Time: 0.025 seconds 
Sample Content: gama ATP 
Sample No. Inherent Light 
(average) 
1075 
1279 
10 72 
1295 
loa 7 
9 4  1 
1181 
1110 
Response 
2378 
2317 
2564 
2925 
2296 
2 170 
2577 
2 128 
Average count/interval 146 5 
Variance 79,732 
Standard Deviation 282 
128 
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Table 44 
RESPONSE OF ATP DETECTION INSTRUMENT 
TO ATP SmPLE INJECTION 
Date of Test: Dec. 22,  1964 
Volume of Enzyme Mixture: 0.3 m l  
Reaction Temperature: 24OC 
Discriminator  Setting: 500 Glass  Cuvette
Pulse Counting Interval: 5 seconds Injection Time: 0.025 seconds 
Sample Content: 10 garmna ATP -6 
Sample No. Inherent  Light 
(average) 
989 
1229 
959 
8?3 
874 
802 
679 
6 12 
Response 
1237 
1203 
148 1 
1108 
997 
849 
813 
870 
Average count/interval 305 
Variance 9598 
Standard Deviation 98 
Table 45 
RESPONSE OF ATP DETECTION INSTRUMENT 
TO ATP SAMPLE INJECTION 
Date of Test: Dec, 22, 1966 
Volume of Enzyme Mixture: 0.3 ml 
Reaction Temperature: 24OC 
Discriminator Setting : 500 Glass  Cuvette 
Pulse Counting Interval: 5 seconds Injection Time: 0.025 seconds 
Sample Content: 10 gama ATP -7 
Sample No. Inherent  Light 
(average) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
3292 
2665 
2739 
2788 
2757 
2901 
2670 
2517 
2760 
280 1 
2666 
2400 
2460 
2288 
2359 
2631 
Response 
3133 
2390 
2592 
2472 
2573 
2655 
2585 
2463 
2526 
2629 
2430 
2 172 
2429 
2256 
2270 
2529 
Average count/interval -49 
Variance 11,380 
Standard Deviation 10 7 
a d d i t i o n a l  l i g h t .  The most l o g i c a l  e x p l a n a t i o n  f o r  t h e s e  r e s u l t s  
is  t h a t  t h e  c o r r e c t i o n  of t h e  d a t a  f o r  t h e  l e a s t  r e d u c t i o n  i n  
i n h e r e n t  l i g h t  l e v e l  i s  no t  adequa te  to  r evea l  t he  ave rage  d i f f e r -  
ence, and the  va r i ance  o f  t he  r e su l t s  is  the  product  of  the  la rge  
s t anda rd  dev ia t ion  o f  t he  d i lu t ion  loss and a la rge  s tandard  
d e v i a t i o n  i n  t h e  actual response  of  th i s  par t icu lar  enzyme prep- 
a r a t i o n   t o  a quant i ty   of  10 gammas of ATP. -7  
Figure 28 i s  a graph of  the net  response due to  the 
in j ec t ion   o f  a quantity  of 10 , 10 , and 10 gammas of ATP 
drawn i n  o r d e r  t o  show t h e  r e s o l u t i o n  a v a i l a b l e  a t  the  l i m i t  of 
r e l i a b l e  d e t e c t i o n .  From the  r e su l t s  ob ta ined  from t h e s e  c a l i -  
b r a t i o n  d a t a ,  i t  i s  p o s s i b l e  t o  r e s o l v e  t h e  d i f f e r e n c e  i n  t h e  
response due to  the inject ion of  one microgamma of ATP and four  
-4 -5 -6 
miCrOgannnaS of ATP with  a t  least a 95% conf idence  leve l .  A t  a 
s l i g h t l y  lower confidence leue1,i t  is  p o s s i b l e  t o  d e t e c t  t h e  
difference  between  one  and 2.5  microganunas of ATP. Extrapola t ion  
of t he  da t a  to  the  wa te r  r e sponse  l eve l  shows t h a t  i t  should be 
poss ib l e   t o   de t ec t   t he   r e sponse  due t o  5  x 10 g a m s  of ATP 
u s i n g  t h i s  p a r t i c u l a r  enzyme subs t r a t e .  
-7 
A qua l i t a t ive  r ev iew o f  t he  ca l ib ra t ion  da ta ,  t he  
design of  the tes t  and the  charac te r i s t ics  of  the  b iochemica l  
experiment  lead to  several  conclusions which should be considered 
ATP CONCENTRATION, GAMMA 
It8 16' 10" lo3 IO2 
FIG 28 ATP DETECTION SENSITIVITY 
i n   e v a l u a t i n g   t h e   s i g n i f i c a n c e  of the   ca l ibra t ion .   This   ca l ' ib ra t ion  
i s  v a l i d  o n l y  f o r  t h e  s p e c i f i c  enzyme p repa ra t ion  employed.  There 
appear to be several  important factors connected with the enzyme 
p repa ra t ion  wh ich  v i t a l ly  a f f ec t  t he  de t ec t ion  th re sho ld  ava i l ab le  
with  the  experiment .   Both  the  act ivi ty  and the   inherent   l igh t  
leve l  mus t  be  inves t iga ted  more ex tens ive ly  be fo re  the  u l t ima te  
sens i t iv i ty   can   be   de te rmined .   In   the   des ign   of   the  t es t ,  i t  
would appear that several fac tors  could  be manipulated to improve 
t h e   s e n s i t i v i t y  of the  experiment .   Firs t ,   the  enzyme volume could  be 
reduced to  reduce the inherent  l ight ,  and a l s o  t o  keep  the  en t i re  
quan t i ty  wi th in  the  f i e ld  of  view of the  phototube.   This   a l terat ion 
would eliminate the   necess i ty   fo r   co r rec t ion  due to   di lut ion.   Second,  
accurate measurement of the enzyme volume  would reduce  var ia t ions  
in  inhe ren t  l i gh t  caused  by d i f f e r e n t  q u a n t i t i e s  of mater ia l  be ing  
p resen ted  to  the  f i e ld  of  view of the phototube when samples smaller 
t h a n   t h e   t o t a l   f i e l d  of  view  are  used.  Third,  the  counting  time  could 
be increased. The f i v e  second  period was e s t a b l i s h e d   i n   o r d e r   t o  
count only during the portion of the  reac t ion  where  the  s igna l - to-  
background r a t i o  was increas ing .   Extending   th i s  time w i l l  r e s u l t  i n  
s ign i f i can t ly  h ighe r  ne t  coun t s  s ince  i t  i s  observed  tha t  the  s igna l -  
to-background r a t i o  does  not  decrease  rapidly  with  t ime. From the 
data  accumulated to  date ,  the count  per iod could be safely extended 
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by a  factor  of  five.  Fourth,  the  injection  volume  could  be  reduced. 
This  would  reduce  any  effects  caused  by  dilution. 
V. DISCUSSION AND CONCLUSIONS 
As  was  pointed  out  at  the  beginning of this  report,  the 
investigations  carried  out  during  the  tenure  of  this  contract  had  as 
their  goals  the  establishment of methods  for  the  routine  preparation 
of  luciferase  and  luciferin,  the  establishment  of  optimal  reaction 
conditions,  the  reduction  of  inherent  light,  and  the  determination 
of the  maximum  sensitivity of the  assay  technique. It is  believed 
that  these  goals  have  been  attained.  The  preparation  of  luciferase 
using  Sephadex  chromatography  can be carried  out  in  a  relatively 
simple  reproducible  fashion.  The  activity  of  the  enzyme  is  con- 
sistently  high. 
The  advantages  of  the  use  of  synthetic  luciferin at 
relatively  high  concentrations  have  been  well  established  during 
the  course  of  these  studies. 
The  reaction  conditions  for  maximum ATP response  have 
now  been  established. 
The  reduction  of  inherent  light  has  continued  to  be  a 
somewhat  baffling  problem.  Although  the  data  presented  in  this 
report  indicate  that  the  ultimate  factor  responsible  for  inherent 
light  is ATP, the  mechanisms  responsible  for  its  presence  are  still 
unknown.  The  observation  that  the  optimal pH and  temperature of 
inherent  light  is  different  from  those  determined  for  maximal ATP 
response  is  subject  to  a  variety of interpretations. A rather 
intriguing  possibility  is  that  another  enzyme  is  involved  in  the 
production of inherent  light.  The  proof of this must, of  course, 
await  further  investigation.  The  present  status of inherent  light 
is  that  while  it  may  be  reduced  by  certain of the  expediencies 
described  in  this  report,  it  remains  a  problem  to  be  solved. 
The  finding  that  quantities  of ATP as  low  as 10 a can  be -8 
detected  is  extremely  encouraging.  However,  the  variability  and 
lack  of  linearity  at  low ATP concentrations  are  problems  which  will 
require  additional  study. 
V I .  RECMNDATIONS 
Based  on  the  results  of  the  studies  described  in  this 
report, it is  recommended  that  the  following  areas  be  investigated. 
A.  Further  improvement  in  the  sensitivity  of  the  biolum- 
inescent ATP assay  method. 
B. Modification  of  the ATP assay  for  flight  conditions. 
C. Investigation  of  other  complementary  life  detection 
methods. 
A. Improvement of  Sens i t iv i ty  of  ATP Assay 
1. Removal of  Inherent  Light 
A major  factor  which cont inues to  l i m i t  t he  u l t ima te  sen -  
s i t i v i t y  of the bioluminescent  ATP assay i s  t h a t  of i n h e r e n t  l i g h t .  
The problem of complete elimination of inherent l ight has 
not yet been solved. Various methods  of  minimizing it  have  been 
developed.  These  include  the  use  of  hexokinase,   aging,  and  fraction- 
a t i o n  by Sephadex. It has  been  indicated by s e v e r a l  of t h e  s t u d i e s  
ca r r i ed  ou t  t hus  f a r  t ha t  t he  sou rce  of i n h e r e n t  l i g h t  is  p r o t e i n  
bound ATP and t h a t  t h e  l e v e l  o f  t h e  i n h e r e n t  l i g h t  i s  a function of 
t h e  r a t e  o f  d i s s o c i a t i o n  of the  protein-ATP complex. It can  be 
assumed t h a t  a c e r t a i n  amount of the bound ATP is  not  bound t o  
l u c i f e r a s e  b u t  t o  o t h e r  i n e r t  p r o t e i n s .  It would thus   fo l low  tha t  
t h e  h i g h e r  t h e  s p e c i f i c  a c t i v i t y  of a p ro te in  f r ac t ion ,  t he  lower  
would b e  t h e  i n h e r e n t  l i g h t  f o r  a given amount  of a c t i v i t y .  T h i s  
condition could be approached by f u r t h e r  p u r i f i c a t i o n  of l u c i f e r a s e ,  
p o s s i b l y  t o  c r y s t a l l i z a t i o n .  L a r g e  s c a l e  c r y s t a l l i z a t i o n  h a s  n e v e r  
been previously attempted here because of a shor tage  of f i r e f l y  t a i l s .  
With t h e  a v a i l a b i l i t y  o f  i n c r e a s e d  q u a n t i t i e s  of f i r e f l i e s ,  
i t  i s  proposed t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  f u r t h e r  p u r i f i c a t i o n  of 
l u c i f e r a s e  upon the magnitude of  inherent  l ight .  The methods  of 
p u r i f i c a t i o n  w i l l  include column chromatography with ion exchange 
r e s i n s  and syn the t i c  molecu la r  s i eve  ma te r i a l s ,  and a l s o  ammonium 
sulfate  fractionations. 
Studies  in  this  report  have  indicated  that  there  is  a 
difference in the  optimal  temperature  and pH of inherent  light  and 
ATP response.  It  has  been  recently  observed  by  another  investigator 
that  there  is  a  certain  amount  of  inherent  light  reduction  following 
ultrafiltration of the  luciferase  extract.  This  would  indicate  that 
at  least  some  of  the  inherent  light  is  associated  with  particulate 
material.  With  this  in mind, it  is  proposed  to  examine  both  the 
effects of ultrafiltration  and  ultracentrifugation  upon  the  magnitude 
of  the  inherent  light.  The  optimal  temperature  for  exogenous ATP 
response  was  found  to  be 20 C ,  while  that  of  the  inherent  light  was 
between 3OoC and 35 C .  The pH of  maximal ATP response  was  approxi- 
mately 7.4 while  that of the  inherent  light  was  approximately 8 . 3 .  
It  is  also  indicated  that  the  reaction  responsible  for  inherent  light 
is  inhibitory  toward  the  exogenous ATP reaction.  The  above  findings 
might  conceivably  be  suggestive of separate  enzymatic  mechanisms 
being  responsible  for  inherent  light. A substantiation of this 
would,  however,  require  a  great  deal  of  additional  study  as  there 
are  other  possible  explanations  of  the  above  data.  In  any  event, 
however,  it  may  be  possible  to  exploit  the  above  differences  in 
the  optimal  conditions  for  inherent  light  versus ATP response  as  a 
possible  means  of  reducing  inherent  light. 
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2. I n c r e a s e   i n  Rate of  Reaction 
Under p r e s e n t  r e a c t i o n  c o n d i t i o n s ,  t h e  k i n e t i c s  are such 
t h a t  upon the  addi t ion  of  ATP t o  t h e  enzyme, t h e r e  i s  a r a p i d  i n i t i a l  
rise i n  the i n t e n s i t y  o f  the emit ted l ight  fol lowed by a slow 
exponential   decay. It i s  obv ious   t ha t   t he   s igna l - to -no i se   r a t io  
during the measurement of the emitted l ight would be much more 
favorable  i f  the  l igh t  of  the  exponent ia l  phase  was incorporated 
i n t o  t h e  r a p i d  i n i t i a l  p h a s e .  
The i n t e r p r e t a t i o n  of the exponent ia l  phase as given by 
McElroy, e t  a l . ,  i s  t h a t  i t  i s  due t o  product  inh ib i t ion  of l u c i f -  
erase. It would thus   fo l low  tha t   there  are two poss ib l e  means of 
reducing the magnitude of the exponential  phase; namely, removal 
of the product from the  enzyme su r face ,  and by i n c r e a s i n g  t h e  i n i t i a l  
enzyme concentrat ion.  Both of these  have  been  attempted. 
S tudies  by McElroy , e t  a l .  (14) , have shown t h a t  t h e  
product of the biolG.minescent reaction, dehydroluciferylandenylic 
a c i d ,  c a n  b e  s p l i t  o f f  from l u c i f e r a s e  by e i ther  pyrophosphate  or  
coenzyme A. The use  of   pyrophosphate   for   this   purpose is  complicated 
by v i r t u e  of pyrophosphate being a product of t h e  f i r s t  s t e p  i n  t h e  
sequence of reactions, and thus would p o i s e  t h e  r e a c t i o n  t o  t h e  l e f t  
i f  p r e s e n t  a t  the  t i m e  of ATP addi t ion.  This  was man i fe s t ed  in  ou r  
experiments by a r e d u c t i o n  i n  ATP response when t h e  r e a c t i o n  was 
c a r r i e d  o u t  i n  .the presen'.:e of  pyrophosphate. It was a l so  observed  
t h a t  t h e r e  was a high umcomitant rise i n  t h e  i n h e r e n t  l i g h t  l e v e l .  
The r e su l t s  ob ta ined  when t h e  r e a c t i o n  was performed i n  
the presence of coenzyme A were equal ly  as unrewarding. The ATP 
response was redaced whi1.e at t h e  same t i m e  t h e r e  was a rise i n  
the  level o f  i n h e r e n t  l i g h t  t o  a va lue  equ iva len t  t o  seve ra l  gammas 
of ATP. 
It i s  p o s s i b l e  t h a t  i f  t h e  f a c t o r s  r e s p o n s i b l e  f o r  i n h e r e n t  
l i g h t  were removed from t h e  enzyme sys tem,  the  resu l t s  ob ta ined  wi th  
both pyrophosphate and coenzyme A would b e  q u i t e  d i f f e r e n t .  
On a t tempt ing  to  dec . rease  the  dura t ion  of  the  exponent ia l  
phase of  the react ion by t h e  u s e  of h igher  concent ra t ions  of  par t ia l ly  
p u r i f i e d  l u c i f e r a s e ,  i t  was found t h a t  above a ce r t a in  concen t r a t ion  
( t h i s  v a r i e d  from p r e p a r a t i o n  t o  p r e p a r a t i o n ) ,  t h e r e  w a s  no f u r t h e r  
i n c r e a s e  i n  r e a c t i o n  ra te ,  bu t  i n s t ead  a decrease accompanied by a 
r ise i n  t h e  l e v e l  of i n h e r e n t  l i g h t .  As w a s  previously  mentioned, 
i t  is  bel ieved that: a c.erta.iT.  amount of t h e  endogenous ATP responsible  
f o r  i n h e r e n t  l i g h t  i s  bound to  i . n e r t  p ro te in ;  thus  i t  may possibly 
be concluded that the above observat.ion i s  a r e f l ec t ion  o f  t he  
inh ib i t ion  caused  by t h e  high concent.ration of endogenous ATP. 
As all. of t.he. observat ions descr ibed above appear  to  be 
influenced by t h e  i n h e r e n t  l i g h t  phenomenon, the  e f fec ts  of  pyro-  
phosphate, coenzyme A, and h igh  luc i fe rase  concent ra t ions  us ing  
l u c i f e r a s e  at. a h igher  s ta te .  of puri ty  should be re- invest igated.  
B. ATP  Assay  Under  Flight  Conditions 
A  major  problem  which  remains  to be studied is that  of 
rendering  the ATP  assay  method  compatible  with  rocket  flight  con- 
ditions.  The  optimal  reaction  conditions  at  this  time  have  been 
established  only  for  laboratory  instrumentation  and  it  is  quite 
likely  that  it will not  be  compatible  to  duplicate  these  conditions 
in  a  flight  system. The  goals  of  these  studies  to  be  proposed 
should  be: 
(1) Determine  the  effects  of  environmental  flight 
conditions  upon  the  bioluminescent  reaction. 
(2) Modify  the  reaction  conditions  within  biochemical 
limits  to  ensure  compatability  with  anticipated  instrumentation. 
1. Environmental  FliPht  Conditions - . . "  
Having  established  the  optimal  reaction  conditions  in 
the  laboratory,  it  remains to be  determined how well  these  conditions 
can  be  maintained  during  rocket  flight.  The  abnormal  conditions 
which  may  be  encountered  must  also  be  defined. 
2.  Effec.t  of  Environmental  Flight  Conditions  Upon  the 
Bioluminescent  Reaction 
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The  effec.ts  of  those  flight  conditions,which are  at 
variance  with  laboratory  conditions,  upon  the  bioluminescence 
reaction  should  be  studied.  The  particular  conditions  to be studied 
will  depend  upon  the  guidelines  established  above. 
C. Compatability  of  Flight  Instrumentation  and  Reaction 
Conditions 
It  will  be  necessary  to  assess  the  compatability of 
anticipated  flight  instrumentation  with  the  previously  established 
reaction  conditions.  It  is  almost  certain  that  the  unique  nature 
of the  instrumentation  for  flight  conditions  will  necessitate a 
number of changes  in  the  reaction  conditions. 
The  ATP  assay  method  as  it  will  be  used  under  flight 
conditions  may  be  divided  into  the  following  sequence  of  steps: 
(1) Collection  of  sample 
(2) Extraction  of  ATP 
(3) Presentation  of ATP to enzyme  system 
(4) Bioluminescent reaction 
(5)  Measurement  of  light  intensity 
While  sample  collection  is  purely  instrumental,  it  will 
cast  a  certain  influence  upon  the  most  feasible  extraction  procedure. 
For  this  reason,  a  number  of  extraction  techniques  would  be  examined, 
both  chemical  ald  physical.  These  would  include  extraction  by 
chemicals  such  as  trichloroacetic  acid,  perchloric  acid,  and  dimethyl 
sulfoxide.  The  major  physical  method  to  be  studied  would  be  dis- 
ruption  by  ultrasonic  vibration.  From  the  above  techniques  and 
possibly  others,  one  may  be  selected  which  is  most  compatible  with 
the  collection  procedure  and  also  with  subsequent  steps. 
The  form  and  fashion  in  which  the  ATP  and  enzyme  will  be 
introduced to each  other  would  be  objects  of  extensive  investigation. 
The  state  of  the  enzyme  system  during  flight  will  be  dependent  upon 
factors  such  as  duration  of  flight  and  the  degree  of  temperature 
control. It: has  been  established  here  that  the  enzyme  system  when 
lyophilized  under  certain  conditions,  may  be  stored  in  the  dry  cold 
state  for  short  periods  of  time  with  little loss in  activity,  whereas 
in  solution, it is  stable  for  relatively  long  periods  in  the  cold. 
Our  present  procedure  for  mixing ATP with  enzyme  involves 
the  injection  via  syringe of the ATP into  the  enzyme  mixture.  Other 
mixing  procedures  should  be  evaluated. 
D.  Other  Complementary  Life  Detection  Methods 
1. Rationale -
The  ideal  condition  for  life  detection  during  space  flight 
would  be  one  where  a  number of biological  criteria  could  be  assayed 
simultaneously, i.e. , "a shotgun  approach."  This  would  reduce  one 
of the  risks  inherent  in  the  use  of  only  one  life  detection  method, 
this  being  the  possibility of encountering  an  organism  which  would 
lack  the  factor  necessary  for  a  positive  response.  The  "shotgun" 
approach is,  however,  limited by instrumentation  problems.  The 
instrumentation  necessary  for  the  measurement  of  a  variety  of 
biological  intermediates  could  become s o  involved  and  cumbersome 
as  to  be  impractial.  This  type of approach  would  be  most  feasible 
with  selected  compounds  which  could  be  assayed  with  the  same 
instrumentation  and  possibly  the  same  reaction  mixture  cuvette. 
It is  believed  that  compounds  participating  in  bioluminescent 
reactions  are  ideally  suited  for  this  type  of  approach. 
The  use  of  other  bioluminescent  systems  as  life  detection 
techniques  to  complement  the  bioluminescent ATP assay  should  thereby 
be  investigated. The  systems  which  appear  to  offer  promise  are 
described  below. 
2. Bacterial Luminescence 
A cell  free  extract  of  luminous  bacteria  (Photobacterium 
fischeri) capable  of  exhibiting  luminescence  was  first  prepared  by 
Shoup  and  Strehler  in 1951. As the  result  of  studies  conducted  by 
a number  of  investigators  over  the  next  few  years  (these  studies  are 
described  in  the  excellent  review  by  Cormier  and  Totter [IS]), the 
following  reaction  mechanism  has  been  established. 
DPNH 
oxidase 
(1) DF'NH + H+ + FMN wFMNH2 + DPN 
luciferase 
(2) FMNH2 + RCHO + O2 -light (490 mp) 
DPNH - reduced  pyridine  nucleotide 
FMN - flavin  mononucleotide 
RCHO - long  chain  aldehyde 
Reaction No. 1 is  not  a  true  component  of  the  bioluminescent 
system  but  merely  serves  to  provide  reduced FMN. This  is a function 
which  a  number  of  other  enzyme  systems  could  provide.  Thus,  the 
true  components  of  the  system  are FMNHz, a  long  chain  aldehyde, 
oxygen,  and  luciferase.  The  component  of  primary  interest in this 
system  is FMNH2 which  is  probably  as  widespread  throughout  living 
organisms  as  is  ATP. It appears  that  under  properly  selected  con- 
ditions,  the  bacterial  bioluminescence  could  be  exploited  for  use 
as a sensitive  quantitative  method  for  the  assay  of FMN.
3. Bioluminescent  System  in  Sea  Pansy 
The  bioluminescent  system  found  in  the  sea  pansy  (Renilla 
reniformis)  which  has  been  extensively  studied  by  Cormier (16) 
appears  to  offer  promise  as  the  basis  of  a  life  detection  method. 
The  mechanism  for  the  reaction  is  briefly  as  follows: 
luciferase 
(1) Luciferin + DPA - activated  luciferin 
luciferase 
(2) Activated  luciferin + 0 ->light + Products 2 
DPA - 3 ' ,  5'-diphosphoadenosine 
As DPA plays  a  prominent  role  in  sulfate  transfer  reactions, 
it  might  be  expected  to  be  rather  widespread  in  its  occurrence  in 
living  organisms.  A  difficulty  to be  encountered  with DPA is  that 
it  appears  to  function  as  a  cofactor  and  not  as  a  substrate. It 
has  been  shown  that  in  the  presence  of  excess  luciferin,  wide  vari- 
ations  in  the  DPA  concentration d  not  change  the  total  light  emitted. 
It is  possible,  however,  that  initial  light  intensities  would  show  a 
linear  response  to  changes  in  DPA  concentration. 
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The  feasibility  of  the  above  system  for  possible  use  as 
a  life  detection  method  is  worthy  of  study. 
4. Chemical  Luminescence  Assay 
In 1962, Seliger  and  McElroy (17) demonstrated  a  chemi- 
luminescence  of  firefly  luciferin  in  the  absence  of  luciferase. 
This  was  done  by  condensing  adenosine  monophosphate  (AMP).with 
luciferin  in  dimethyl  sulfoxide  as  the  reaction  medium.  This 
reaction  also  requires dicyclohexylcarbodiimide. Luminescence 
occurred  on  the  addition of NaOH pellets  to  the  condensation  pro- 
duct. It is  believed  that  a  system  of  this  kind  holds  possible 
promise  for  use  as  a  life  detection  method. 
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VII. APPENDIX I - SYNTHESIS  OF  FIREFLY  LUCIFERIN 
[2-(6-hydroxy-2-benzothiazolyl) - 02-thiazoline-4-carboxylic acid 
The  synthesis  of  firefly  luciferin  was  performed  following 
the  original  procedure  described  in 1963 by  E. H. White.  As we were 
able  to  obtain  a  considerable  amount  of 6-ethoxybenzothiazole-2- 
sulfonamide  as  a  gift  from  the  Upjohn  Company,  the  whole  procedure 
consisted  of only three  steps :
1. Conversion  of 6-ethyoxybenzothiazole-2-sulfonamide 
into 2-cyano-6-ethoxybenzothiazole. 
2. Conversion  of 2-cyano-6-ethoxybenzothiazole into 
2-cyano-6-hydroxybenzothiazole. 
3.  Reduction  of  D-cystine  into  D-cysteine  and  condensation 
of  the  freshly  prepared D-cysteine  with 2-cyano-6-hydrobenzothiazole 
into  D-luciferin. 
A. Conversion  of 6-ethoxybenzothiazole-2-sulfonamide into 
2-cyano-6-ethoxybenzothiazole 
C q 4 p  03 hCsr 
Jfl. 318  
1. Material 
a. 10 grams  of 6-ethoxybenzothiazole-2-sulfonamide 
(0.38 mole). 
b. five  grams  potassium  cyanide (0.077 mole) 
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c. 1000 ml of  dimethyl  sulfoxide (dry) and 525 ml 
chloroform. 
d. 485 grams  activated  alumina  (Merck  acid-washed) 
e. 2.5 liter  petroleum  ether (b.p. 30-60°C) 
f. 1.8 liter  ether 
g. Sodium  sulfate  anhydrous 
2. Equipment 
a. 2 liter  three-necked  round  bottomed  flask  with 
standard  joints. 
b. Mechanical  s’tirrer 
c. Drying tube 
d. Oil bath 
e. Thermometer 
f. 3-4 one  beaker 
g. 3-4 one  suction  filtration  flask 
h. Buchner  funnel  about 12 cm 
i. One  liter  separating  funnel 
j. Chromatographic tube 
k. 500 ml flasks  to  collect  fractions 
3 .  Procedure 
(a)  and (b) under  the  Material  section  are  combined  in 
1000 ml of W O  in a  two-liter  round  bottomed  flask  equipped  with 
a mechanical stirrer and a drying tube,  and heated under continuous 
s t i r r i n g  two and one-half hours on an o i l  b a t h  (t = 125OC). The 
peak a t  320 mu in  the  u l t r av io l e t  spec t rum o f  the  p roduc t  i s  used 
to  moni tor  the  reac t ion .*  The r eac t ion  mix tu re  is then cooled and 
d i lu t ed  wi th  ice and water (1000 m l ) .  A p r e c i p i t a t e  is  formed  which 
is  separa ted  by s u c t i o n  f i l t r a t i o n ,  t h o r o u g h l y  washed wi th  water 
and dr ied on a i r .  The y e l l o w i s h  p r e c i p i t a t e  i s  d i s s o l v e d  i n  450 m l  
of chloroform.  This   solut ion is  then  dr ied  over  sodium su l fa te  
and  evaporated. The r e s idue  (5.5 grams) is d i s s o l v e d  i n  75 m l  of 
dry chloroform and 85 grams of Merck acid-washed alumina added. 
Then th i s  mix tu re  was evaporated to  dryness .  The r e su l t i ng  mix tu re  
of compound and alumina is  placed on the  top  of a column made up of 
400 grams  of  alumina in  pe t ro leum e ther .  The product i s  then  e lu ted  
with a mixture  of  e ther  and petroleum ether  (1:l). A t y p i c a l  
chromatography i s  summarized in  the  fo l lowing  Tab le  1. 
* 
0.1 m l  o f  the  reac t ion  mixture  i s  d i l u t e d  t o  10 m l  w i th  abso lu te  
methanol and of this solution 0.2 ml are made up t o  2.5 ml with  the  
same s o l v e n t .  a f t e r  2.5 hours  of  heat ing reaches 0.4-0.45. 
Further  heat ing of  the react ion mixture  does not  increase this  value.  
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Table  1 
Fraction 
7 
8 
9 
M1 Remarks 
0.23 Needs  further 
II 11 purification 
11 II 2.22 107.5 - 108.5OC 
1.00 105.0 - 106.5OC II II 
II II 0.41  104.0 - 1O5.O0C 
II I 1  0.09 
0.01 II  II
I 1  II ) 
Needs  further 
purification 
Discarded 
The products  of fraction  3 and 4 are usually  pure  enough 
to be used  for preparation of 2-cyano-6-hydroxybenzothiazole without 
further  purification. The  rest of  the material should be combined 
with  corresponding fractions  from  other  experiments  and rechromato- 
graphed  over Merck  acid-washed alumina. 2-cyano-6-ethoxybenzothiazole 
can be further  purified by crystallization from isooctane (one  gram 
from  approximately 25 ml) - m.p.  197.5 - 18.5 C (Lit.  108-108.2°C). 0 
4. Yield 
3.22 grams (fraction 3 and 4) (40.76%) + 0.73 grams 
(fraction 1, 2, 5, and  6) (9.24%) 
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B. Conversion  of 2-cyano-6-ethoxybenzothiazoleintp 
2-cyano-hydroxybenzothiazole 
1. Material 
a. 4 grams  of 2-cyano-6-ethoxybenzothiazole (0.0196 
mole). 
b. Pyridine  hydrochloride  prepared from 42.8 grams 
(0.54  mole) of  dry  hydrogen  chloride. 
c .  32 grams  celite 
d. 4 grams  activated  charcoal 
e. 700 ml  absolute  ethanol 
f. 100 ml sulfuric  acid 
2. Equipment 
a. 250 rnl three-necked  round  bottomed  flask  with 
standard  joints. 
b. Drying tube 
c. Tube  for  introducing  hydrogen  chloride 
d. Three  gas  washing  bottles 
e. T piece 
f. Oil  bath  capable  of  being  heated  to  2OO0C 
g. Thermometer 
I 
h. 100-200 m l  beaker 
i. 125 ml s u c t i o n   f i l t r a t i o n   f l a s k  
j .  Buchner funnel  - about 2 cm 
k.  Chromatographic  tube 
1. F lasks   fo r   co l l ec t ing   f r ac t ions  
3.  Procedure 
Pyridine hydrochlor ide is prepared by introducing dry 
hydrogen chlor ide into dry pyridine unt i l  the  weight  of  the product  
r eaches   o r   s l i gh t ly   exceeds   t he   t heo re t i ca l  amount. The arrangement 
used for this proc.edure i s  dep ic t ed  in  the  fo l lowing  scheme. 
Scheme 1 - 
A f t e r  t h e  e n t i r e  amount of pyridine has been converted 
into the hydrochlor ide,  the hydrogen chlor ide introduct ion is  
in t e r rup ted  (a t  Point  A, s e e  t h e  Scheme l), and the gas  introducing 
tube ie replaced by a s topper .  The r e a c t i o n  f l a s k  is  then heated 
on a n  o i l  b a t h  (F = 190°) , and 2-cyano-6-ethoxybenzothiazole is 
added.  Heating i s  continued  under  occasional  shaking  for  about L O O ' .  
The progress  of t h e  r e a c t i o n  i s  followed by taking samples  per iodical ly  
and  using  the  shift  in  the  ultraviolet  spectrum  in  alkali  to 
determine  the  exteot  of  dealkalization.* 
After  approximately 100 minutes, the  reaction  mixture  is 
cooled  to  room  temperature  and  diluted  with  200 ml of  water.  The 
precipitate  which  is  formed  is  filtered,  washed  with  about 40 ml
of  cold  water  and  dried  on  the  air. Yield: 2.5874  grams.  This 
material  is  dissolved  in  about 100 ml of  absolute  ethanol  and  run 
through a  column  containing 4 grams  of  activated  charcoal  and  32 
grams  of  celite.  The  column  is  washed  with 600 ml of  absolute 
ethanol  and  the  total  eluate is evaporated  and  recrystallized 
from  approximately 80 ml of  ethanol  and  160 ml of water, yielding 
about 1.5 grams  (43.3%)  of  which  crystallinic material, m.p. 208 F, 
209.5OC*,  which  can be used  for  the  next  step  without  further 
purification.  Lit.  gives  the  m.p.  as  212-215 C. 
0 
* 
2-cyano-6-ethoxybenzothiazole has  a maximum at 320 mu and 2-cyano- 
6-hydroxybenzothiazole  at  322  mu.  Whereas  the  maximum of the 
ethoxy-  compound  does  of  course  not  change  in  alkaline  medium, 
the  peak  of  the  OH  group  in 2-cyano-6-hydroxybenzothiazole shifts 
under  the  same  conditions  (in  0.025 N ethanolic  NaOH)  from  320  to 
390.  Typical  values  are  listed  in  Table 2 on  the  next  page. 
** m.p.  is  measured  in a capillary  and  the  capillary  is  introduced 
into  the  apparatus  when  temperature  reaches  185 C 0 
Table 2 
Time -
15 
30 
70 
90 
0.585 
1.45 
0.078 
0.05 
0.126 
0.98 
0.368 
0.345 
4.7 
1.47 
0.21 
0.144 
D320 
D390 
The  decrease in the  ratio - indicates the progress 
of the  reaction.  This value reaches  approximately 0.2 eventually. 
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C.  2- (6 - ' t yd roxy-2 -benzo th iazo ly l ) -~  -tenazoline-4-carboxylic 
z d  (C-lucif"~~ 
~ 
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I 
1. Material 
a. 364 mg (1.51 moles )   D-cys t ine  
b. 503 mg (2.88 m o l e s )  2-cyano-6-hydroxybenzothiazole 
c.  Liquid ammonia (about  150  ml) 
d.  Sodium metal 
e. Ammonium ch lo r ide  
f .   Ni t rogen  
g. N sodium  hydroxide  solution 
h. N hydrochlor ic   ac id  
i. 95 m l  absolute  methanol 
2.  Equipment 
a. 
b. 
C. 
d. 
e. 
f.  
g. 
h. 
i. 
250 m l  round bottomed flasks - three-necked 
Dewar condenser 
Drying  tube  f i l l ed  wi th  sodium hydroxide p e l l e t s  
Three gas washing bottles 
T-shaped p i ece  of g lass  tub ing  
Big test  tube 
250 m l  Er lenmeyer  f lask  ( low ac t in ic  g lass )  
250 m l  s u c t i o n  f i l t r a t i o n  f l a s k  
Buchner funnel  about  2 cm 
3. Procedure  (Consists  of  three  parts)  
a. Prepara t ion  of l i q u i d  ammonia 
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b. Reduction  of  D-cystine  to  D-cysteine 
C. The  actual  condensation  of  D-cysteine  with 
2-cyano-6-hydroxybenzothiazole. 
a. Dry liquid  ammonia  is  prepared  by  introducing 
annnonium  gas  into  a  reaction  flask  fitted  with  a  Dewar  condenser 
in  a  set-up  indicated  in  the  following  Scheme 2. 
Scheme 2 - 
b. After  enough  ammonia  has  been  condensed,  the 
tube  introducing  it  into  the  reaction  flask  is  replaced  by  a 
stopper. D-cystine is  dissolved  in  the  ammonia,  and  small  pieces 
of  sodium  metal  are  added  until  the  blue  color of the  reaction 
mixture  persists  for  ten  minutes.*  The  excess  is  then  destroyed 
with  the  necessary  amount  of amonium chloride  and amonia is 
then  allowed  to  evaporate  in  a  stream  of  nitrogen. 
* During  this  entire  procedure, it is  essential  to  exclude  moisture 
completely. 
c. The  white  crystalline  residue  is  dissolved  in 
70 ml of  water  saturated  with  nitrogen  and pH of the  solution  is 
adjusted  to 8.0 using  1N  solution  of  hydrochloric  acid (8.7 ml)* 
and N sodium  hydroxide (0.5 ml)* respectively.  Then 70 ml of 
methanol  saturated  with  nitrogen  are  added  and  this  mixture  is 
combined  with a  solution of 2-cyano-6-hydroxybenzothiazole in 
25 ml of  methanol  saturated  with  nitrogen.  (Final  pH = 7.2). 
The  reaction  is  then kept in a flask of low  actinic  glass  half an 
hour  in  nitrogen  atmosphere.  Typ.ical  spectrum  of  the  reaction 
mixture  at  this  point is*: 263 265 322 327 0.40 0.41 1.05 1.10 
The  solution  is  then  acidified  with 7 ml of N hydrochloric  acid 
(pH = 1.5) and kept refrigerated  overnight.  Crystals  separated 
by suction  filtration  under  nitrogen,  washed  with  about 20 ml of 
water-methanol  mixture (1:l)  and  dried  in  nitrogen  atmosphere. 
Yield: 0.6176 grams (78%). 
** 
These volumes vary and  depend on the  excess of sodium  used  in the 
reduction of cystine. 
* 
0.01 ml of the  reaction  mixture  in 25 ml of absolute  methanol 
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INSTRUCTION  MANUAL 
ATP DETECTION  INSTRUMENT 
I. Purpose  of  the ATP Detection  Instrument 
This  Instrument  has  been  designed  and  constructed  as  a 
laboratory  tool  which  is  to  be  utilized  in  the  study  of  the  parameters 
which  influence  the  detection f sub-gamma  amounts of ATP  (adenosine- 
triphosphate)  through  the use  of  the  ATP-luciferin-luciferase  bio- 
chemical  reaction. 
The  substance ATP is  a  biochemical  constituent  of  all  known 
living  cells.  The  detection  of  this  substance  is  evidence  of  the 
presence  of  cellular  products,  hence  life  processes  as  far  as  they 
are  known.  The ATP Dete.ction  Instrument  has  been  designed  to  achieve 
a  high  detection  sensitivity  in  order  to  reveal  extremely  small  amounts 
of ATP, such  as  may  be  present  in a single  microorganism. 
The  development of this  Instrument  was  initiated  as  a 
part  of  a  NASA  program  to  improve  the  sensitivity  and  methodology 
of  the  firefly-lantern  enzyme  biochemical  system  as  a  detector  of ATP,
11. Theory  of  Operation 
A. Biochemical System 
1. A number  of  biochemical  reactions  which  result  in 
bioluminescence  -are  known  to  exist.  One  of  the  best  known  and 
studied is the  biochemical  reaction  used  by  the  firefly. 
2. The  basic  firefly  lantern-enzyme  reaction  takes  place 
in  the  following  steps : 
(a) w2 + (ATP) + E -? E .  m2 - AMP + PP 
(b) E * W ,  - AMP + 0, E * L  - AMP + hv (light 
L & 
where: W2 - 
E =  
PP = 
L =  
AMP = 
photon) 
luciferin 
enzyme  (luciferase) 
pyrophosphate 
dehydroluciferin 
adenylic  acid 
3. If all  of  the  components  of  this  reaction,  with  the 
exception  of ATP, are  present  in  excess,  the  emission  of  light  is 
quantitatively  specific  for  the  amount  of ATP introduced. 
B. Instrument 
1. The ATP Detection  Instrument  is  designed  to  be  used as 
a  flexible  laboratory  tool  in  the  study  of  the  parameters  which 
influence  the  progress  of  the  firefly-lantern  enzyme  reaction  upon 
the  introduction  of ATP and  the  subsequent  emission  of  light.  The 
Instrument  provides  for  the  introduction  of  a  quantity  of  biochemical 
components,  known  as  the  enzyme  mixture,  which  contains  the  components 
of  equation A 2(a) with  the  .exception  of ATP. The  enzyme-mixture  is 
c o n t a i n e d  i n  a c u v e t t e  which is p l a c e d  i n  a tempera ture  cont ro l led  
b a t h  and  pos i t i oned  in  f ron t  o f  a l i g h t  c o l l e c t i n g  o p t i c a l  system. 
The cuvette assembly i s  con ta ined  in  a l i g h t - t i g h t  r e a c t i o n  chamber 
which a l s o  i n c l u d e s  a p r e c i s i o n  s y r i n g e  t h a t  is f i l l e d  w i t h  a sample 
of ATP d i s s o l v e d  i n  water. The sy r inge  is p o s i t i o n e d  d i r e c t l y  over 
t h e  enzyme mix tu re  cuve t t e  and i s  d i sp laced  by a h y d r a u l i c  d r i v e  t o  
d ischarge  a con t ro l l ed  quan t i ty  o f  ATP sample i n t o  t h e  enzyme-mixture. 
2. The i n j e c t i o n  of a quant i ty  of  ATP i n t o  t h e  enzyme- 
m i x t u r e  r e s u l t s  i n  t h e  e m i s s i o n  of l i g h t  q u a n t a  which a r e  c o l l e c t e d  
by the  op t i ca l  sys t em and d i rec ted  onto  the  photoca thode  of a photo- 
m u l t i p l i e r  vacuum tube. The pho tomul t ip l i e r  t ube  is  o p e r a t e d  t o  o b t a i n  
a h i g h  s i g n a l - t o - n o i s e  r a t i o  a t  low l i g h t  l e v e l s .  The photocathode 
is  cooled to  reduce the t.herma1 n o i s e  and pulse  ampl i tude  d iscr imina t ion  
i s  employed to  r educe  the  e f f ec t s  o f  pho tomul t ip l i e r  no i se .  
3.  The emiss ion  o f  l i gh t  r e su l t i ng  from t h e  i n j e c t i o n  o f  
ATP i n t o  t h e  enzyme-mixture is  not   ins tan taneous .  The l i g h t  o u t p u t  vs. 
t ime h is tory  of a r e a c t i o n  shows t h a t ,  i n  g e n e r a l ,  t h e r e  is  an i n i t i a l  
r a p i d  r i s e  i n  t h e  e m i s s i o n  of l i g h t  t o  a peak value,  followed by a 
decay i n  t h e  r a t e  a t  which l i g h t  i s  emit ted with the passage of  time. 
The ATP Detection Instrument is  designed to  be a f l e x i b l e  t o o l  f o r  
the  s tudy  of   the  biochemical   react ion.  The Ins t rument   a l lows   explora t ion  
of the variables of injection t ime and volume, temperature,  sample 
s i z e s  and prepara t ion  procedures ,  moni tor ing  schedules  and  da ta  co l lec t ion .  
4. Figure 1 is a block diagram of the ATP Detect ion Instrument  
which shows a l l  of  the individual  operat ional  segments  and t h e  s i g n a l  
and cont ro l  f low l ines .  
Figure 1. - Block diagram, ATP detection instrument.  
111. Design  of  the  ATP.Detection  Instrument 
A. Console 
1. The Instrument is des igned  to  be  housed  in  a console  
which conta ins  a l l  of   the  required components. The console  does 
r e q u i r e  e x t e r n a l  e l e c t r i c  power (120 v, 4.5 A ) ,  a source of compressed 
a i r  (80 p s i )  and an  ex terna l  water supply (0.5 gal/min @ 5OC temperature) .  
The cont ro ls  a re  grouped  accord ing  to  func t ion  on the  
panels  of  the console  and a l l  requi red  ad jus tments  in  cont ro ls  can  be  
made by an  opera tor  sea ted  in  f ront  of  the  console .  The major  components 
of t h e  I n s t r u m e n t  a r e  i n s t a l l e d  as subassemblies and a re  in t e rconnec ted  
w i t h  e l e c t r i c a l  c a b l e s  o r  f l u i d  c o u p l i n g s .  
2. Figure 2 i s  a block  diagram of the  subassemblies  con- 
ta ined  in  the  Ins t rument  and t h e i r  i n t e r c o n n e c t i o n s ,  
3 .  Figure 3 is  a schematic   diagram  of   the  console   ident i fying 
the  f ron t  pane l  con t ro l s  and t h e  l o c a t i o n  of the major subassemblies 
conta ined  in  the  Ins t rument .  
B. Reaction Chamber (see Figure 4 for  schematic  diagram  keyed 
t o  t e x t )  
1. Phys ica l   Descr ip t ion  
The r e a c t i o n  chamber is  an inverted T-shaped s t a i n l e s s  
s t ee l  hous ing  mounted on the  r igh t  s ide  o f  t he  Ins t rumen t  cab ine t .  
An access door which is  hinged a t  the bottom and lowers into the open 
p o s i t i o n  makes  a l i g h t  t i g h t  c l o s u r e  when secured  shut  wi th  the  four  
thumb l a t ches .  The i n t e r i o r  of t he  chamber is  painted  dead  black  to  
e l i m i n a t e  i n t e r n a l  l i g h t  r e f l e c t i o n s .  
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Figure 2.- Schematic block diagram, ATP detection  instrument. 
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Figure  3 . -  Console l ayout ,  f ron t  and  rear views. 
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Figure  4.- Reaction chamber, ATP de tec t ion  ins t rument .  
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2. Environmental  Control  of  the Enzyme Mixture 
With in  the  reac t ion  chamber is a U-channel, running the 
f u l l  w i d t h  o f  t h e  T,  which is f i l l e d  w i t h  t h e  immersion f l u i d  t h a t  is  
used to  control  the temperature  of  the enzyme mixture  cuvet te .  This 
f l u i d  is  pumped through the channel from the back of the Instrument 
t o  t h e  f r o n t .  The temperature i s  sensed by a thermocouple  immersion 
the rmomete r  i n se r t ed  in to  the  f lu id  in l e t  p ip ing  f ix tu re  a t  t h e  r e a r  
of t he  chamber. The f l u i d  i n  t h e  immersion  bath is  i n  a closed  system 
and i s  c i r c u l a t e d  by a small vane pump loca ted  on the bot tom shelf  
board i n  t h e  r e a r  of the  console .  The f l u i d  i s  pumped through  copper 
tub ing  and  there  a re  two hea t  exchangers  a t tached  to  sec t ions  of  th i s  
tubing. One cons i s t s  o f  an  e l ec t r i ca l  r e s i s t ance  e l emen t  which is  used 
t o  i n t r o d u c e  h e a t  t o  t h e  f l u i d ;  t h e  o t h e r  i s  a cold water jacket which 
removes h e a t  from t h e  immersion f l u i d  when ex terna l  cooler  water  i s  
circulated through the jacket .  A f low of  one-half  gal lon per  minute  
of 5 C temperature water is  adequate for proper operation of the cooling 
j acke t .  The temperature  of  the  immersion  fluid i s  con t ro l l ed  by a 
Yellow Springs Instrument Co. YSI Thermisternp Model 73  i n d i c a t i n g  
con t ro l l e r ,   Th i s   con t ro l l e r  is  used t o   c o n t r o l   t h e  immersion f l u i d  
temperature with an accuracy of +, 1 wi th in  the  range  of 5 C t o  50 C. 
The temperature  of  the f luid i s  s e t  and read on the  lower  r igh t  pane l  
of  the console  and indicator  l ights  are  provided to  indicate  whether  
a hea t ing   or   cool ing   cyc le  is  in   progress .   Turning  the  temperature  
c o n t r o l l e r  on au tomat ica l ly  s tar ts  t h e  c i r c u l a t i n g  pump. 
0 
0 0 0 
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The tempera ture  cont ro l le r  i s  turned on  and the  thermo- 
meter c a l i b r a t e d  by press ing  the  "ca l ibra te"  but ton .  The temperature 
ind ica tor  needle  should  move t o  t h e  r e d  l i n e  o n  t h e  l e f t  s i d e  o f  t h e  
meter scale. I f  i t  does not come t o  rest  on t h e  r e d  l i n e ,  a screw- 
dr iver  adjustment  of  the screw head located above the cal ibrate  but ton 
w i l l  b r ing  the  needle  to  the  proper  pos i t ion .  With t h e  thermometer 
cal ibrated the temperature  indicated on the thermometer  is  t h e  r e a c t i o n  
chamber temperature.  To s e t  t h e  c o n t r o l l e r  t o  a des i r ed  ope ra t ing  po in t ,  
push the  " tempera ture  se t"  bu t ton  and adjust  the screw head above it 
u n t i l  t h e  thermometer  reads  the  desired  temperature.  The d i f f e r e n c e  
between the "set"  temperature  and the desired temperature  determines 
whether  heat ing or  cool ing i s  required and the "heat" and  "cool" p i l o t  
l i g h t s  above the thermometer indicate which cycle i s  in  p rogres s .  
3.  Cuvette  Holder 
The U-channel i n  t h e  r e a c t i o n  chamber i s  made t o  a c c e p t  
the  cuvet te   holder .   There are two cuvet te  ho lder  des igns ,  one ,  a 
h o l d e r  f o r  g l a s s ,  t e s t  t u b e - l i k e  c u v e t t e s ,  t h e  o t h e r  a metal frame 
w i t h  c u v e t t e s  d r i l l e d  i n t o  t h e  body of the  frame.  Both  holders  are of 
t he  same s i z e  and provide eight  cuvet tes  in  each holder .  The holder  
f i t s  i n s i d e  of the U-channel and rides on a r idge  a t  the bottom of the  
U.  One end of the holder  has  a hook  mechanism a t t a c h e d  t h a t  is  designed 
t o   f i t  over the end of a rod  which e n t e r s  t h e  f r o n t  of t he  r eac t ion ,  
chamber and is used  to  d i sp l ace  the  cuve t t e  ho lde r  ho r i zon ta l ly  wi th in  
the  U-channel when t h e  r e a c t i o n  chamber is  closed.  The pos i t ion ing  rod  
i s  indexed so t h a t  i t  can be snapped into posit ion in any one of e i g h t  
. . . . . . .. . ._ ... -. . - . . . . . 
pos i t i ons .  Each i n d e x  l i n e  p l a c e s  o n e  c u v e t t e  i n t o  p o s i t i o n  i n  f r o n t  
of a l i g h t  c o l l e c t i n g  s y s t e m  w i t h i n  t h e  chamber. The pos i t ion ing  rod  
can be rotated about  i t s  axis for  minor  changes in  posi t ioning.  When 
one cuve t t e  i s  proper ly  centered ,  a l l  cuvet tes  w i l l  be properly 
centered  by the  index  pos i t ions  on the  pos i t i on ing  rod .  
4. Cuvette  Design 
A cuve t t e  i s  t h e  volume i n  which the  b iochemica l  reac t ion  
takes  place.  Glass cuve t t e s  w i l l  hold 0.3 m l  enzyme mixture ,  whi le  
the  meta l  cuvet te  w i l l  hold 0.15 m l .  For r o u t i n e  work,  disposable  glass  
cuve t t e s  are p re fe r r ed  because  they  a re  eas i ly  s t e r i l i zed  and prepared. 
The g la s s  cuve t t e  ho lde r  has  spaces  fo r  e igh t  sma l l -bo re  g l a s s  t e s t  
tubes. When g l a s s  t e s t  t u b e s  a r e  u s e d ,  a r e f l e c t o r  is  placed  behind 
t h e  t e s t  t u b e  t o  d i r e c t  t h e  l i g h t  produced by t h e  r e a c t i o n  i n t o  t h e  
o p t i c a l  system. This r e f l e c t o r  is  i n  t h e  form  of a p l u g  i n s e r t e d  i n t o  
a hole bored into the center of the U-channel.  This plug must be in 
p l ace  when an immersion f l u i d  is  used ,  bu t  is  removed when it  i s  des i r ed  
t o  c a l i b r a t e  t h e  I n s t r u m e n t  w i t h  a s tandard  l igh t  source .  (The immersion 
f l u i d  must be drained from the channel before removing the plug.) The 
metal c u v e t t e s  a r e  n i c k e l  p l a t e d  and a c t  as t h e i r  own r e f l e c t o r s .  The 
metal cuve t t e  is  sea led  on t h e  f r o n t  by a microscope  s l ide  cover -g lass  
t h a t  is  replaced each time the  cuve t t e  is  prepared for  a react ion experiment .  
5. Syringe  and  Syringe  Mounting 
The i n j e c t e d  component of  the  reac t ion  i s  p l aced  in  a 
syringe which i s  p o s i t i o n e d  i n  a ho lde r  d i r ec t ly  ove r  t he  cen te r  of 
t he  l i gh t  co l l ec t ing  sys t em and the  cen te r  o f  t he  cuve t t e  pos i t i oned  
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f o r  i n j e c t i o n  w i t h i n  t h e  r e a c t i o n  chamber. Two syringe holders  have 
been provided, one for use with a d isposable  1 cc capac i ty  sy r inge  
(Yale, s ter i le ,  20G 1 1/2 and a 226, 1 1/2 s t e r i l e  d i s p o s a b l e  n e e d l e )  
and t h e  o t h e r  f o r  a Hamil ton microl i ter  701-N prec i s ion  sy r inge .  The 
disposable  syr inge  is used for  rout ine experiments  s ince it does not 
r equ i r e  c l ean ing  and s t e r i l i z a t i o n  b e f o r e  u s i n g .  The sy r inge  body is  
supported in  the holder  and the extended pis ton i s  engaged by a s p r i n g  
clamp a t  the  top  of  the  reac t ion  chamber. The spr ing  clamp is  a t tached  
t o  t h e  p i s t o n  of a hydrau l i c  cy l inde r  which e x t e n d s  i n t o  t h e  i n t e r i o r  
of  the  reac t ion  chamber. The c y l i n d e r  i t s e l f  is  e x t e r n a l  t o  t h e  r e a c t i o n  
chamber  and i s  mounted  on a moveable platform. The hydrau l i c  f lu id  is  
p iped  to  the  cy l inder  th rough f lex ib le  p las t ic  tub ing .  Movement of the 
hydraulic cylinder piston causes the syringe plunger to be pushed into 
t h e  s y r i n g e  b a r r e l .  By con t ro l l i ng  the  hydrau l i c  cy l inde r  d i sp l acemen t ,  
t he  volume of sample i n j e c t e d  i n t o  t h e  enzyme mixture cuvette can be metered. 
6. Syr inge   Pos i t ion   Ind ica tor  
The displacement  of  the hydraul ic  cyl inder  pis ton is 
measured by a pos i t i on  t r ansduce r ,  a Metrapak Model 3303 (Brush Instruments, 
Inc.) .   This   sensor   produces  an  e lectr ical   output   which is  a func t ion  
o f  t he  angu la r  pos i t i on  o f  t he  sha f t  of the sensor which is  mechanically 
coupled  to  the  hydraul ic  cy l inder  p i s ton  wi th  a ba r  l i nk .  The output  
of  the  pos i t ion  sensor  i s  connected to  the  le f t -hand  channel  of  the  
s t r i p  c h a r t  r e c o r d e r  so that  syr inge plunger  t ravel  can be recorded.  
7. Hydraulic  Drive  System 
The hydrau l i c  f lu id  i s  pressur ized  by an  ex terna l  gas  
supply of 80 ps i .  This p res su re  i s  regula ted  by a f low valve located 
on the  lower  l e f t  hand  drawer  panel  of  the  console.  Immediately  above 
the  f low va lve  is  a pressure gage which indicates  pressure on the  
h y d r a u l i c  f l u i d .  The ex terna l  gas  is  connected  to  the  hydraulic  system 
through a f ix tu re  loca t ed  in  the  cen te r  o f  t he  lower  rear compartment. 
The a p p l i c a t i o n  of p r e s s u r e  t o  t h e  h y d r a u l i c  f l u i d  is  con t ro l l ed  by 
f a s t  a c t i n g  e l e c t r i c a l  s o l e n o i d  v a l v e s .  The va lves ,  p re s su re  r egu la to r ,  
exhaust and f l u i d  r e s e r v o i r s  a r e  mounted on a s u b - c h a s s i s  p l a t e  i n  t h e  
compartment  behind  the  lower l e f t  hand  drawer  panel. The solenoid 
va lves  are operated by 120 v A.C.  Two c o n t r o l  t h e  d i r e c t i o n  of f l u i d  
flow and are operated by momentary contact  push but ton switches,  one,  
"pressurize" ,  and t h e  o t h e r ,  "reset" which are loca ted  bes ide  the  
immersion bath temperature control on the lower right hand panel  on 
top  of the console .  When the  p is ton  of  the  hydraul ic  cy . l inder  i s  
extended (syringe plunger depressed) the cylinder may be r e tu rned  to  
t h e  s t a r t i n g  p o s i t i o n  by momentarily  pushing  the  "reset"  button. This 
r e t r a c t s  t h e  p i s t o n  back i n t o  t h e  c y l i n d e r .  To a l l o w  t h e  p i s t o n  t o  
push the  sy r inge ,  t he  p re s su re  on the f luid must  be reversed,  and t h i s  
is  accomplished by momentarily  pushing  the  "pressurize"  button. The 
p res su r i z ing  ac t ion  causes  an  e j ec t ion  o f  a small quan t i ty  of a i r  
from the exhaust which w i l l  produce a sound similar t o  uncapping a 
bot t le  of  soda .  The hydraul ic  sys tem must  be  pressur ized  a f te r  be ing  
reset before  the  cont ro l  so lenoid  w i l l  funct ion.  
The displacement  of  the hydraul ic  cyl inder  is  con t ro l l ed  
by e l ec t r i ca l ly  open ing  a v a l v e  t o  s tar t  t h e  movement, and c los ing  it 
to  stop  the  flow.  The  open  and  close  signals  are  generated  by an 
electronic  timer.  This  timer i s  adjustable so that  the  length of time 
the  pressure  is  applied  to  the  cylinder  is  under  the  control  of  the 
operator.  The  time  and  the  pressure  variables  combine  to  establish a 
range  of  available  injection  cycle  times  and  volumes.  The  electronic 
timer  is  described  more  fully  under  the  section of this  Manual  dealing 
with  pulse  counting  (Section C6). 
8 .  Injection  System  Positioning 
The  entire  hydraulic  cylinder-syringe  combination  is 
moveable  in  the  vertical  direction.  The  movement  is  controlled by a
lever  fitted with  a  handle  which  is  within  reach of the  operator.  This 
assembly  is  made  moveable  because  the  syringe  must  be  immersed  in  the 
enzyme  mixture  when an injection  takes  place,  but  must  be  lifted  clear 
of  the  cuvette  when  the  cuvette  holder  is  moved  to  place  a  different 
cuvette  in  position  for  a  reaction.  Failure  to  raise  the  syringe 
assembly  before  moving  the  cuvette  holder  will  result  in  a  bent  syringe 
needle  which  will  not  accurately  enter  subsequent  cuvettes  placed  in 
position  for  a  reaction.  In  the  lowered  position,  the  tip  of  the  syringe 
needle  is  positioned at  the  center  of  the  light  collection  system  and 
on the  center  line  of  the  cuvette. In the  raised  position  a  ball  lock 
in  the  handle  base maps into  a  depression  in  the  face  plate  under  the 
lever on the  console  side.  Tension  of  the  ball  spring  is  regulated 
by a  set  screw  at  the  base  of  the  handle. 
9. Light Collection  System 
The  light  generated  as  a  result  of  the  injection  of  a 
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sample into an enzyme-mixture i s  r ad ia t ed  from the  cuvet te .  A p l e x i -  
g lass  l igh t  p ipe ,  which  is a ref lec tor ized  conica l ly-shaped  p iece  is 
mounted i n  t h e  back w a l l  o f  t he  r eac t ion  chamber a t  a level  even with 
the  cuve t t e  i n  pos i t i on  unde r  the  sy r inge .  The l a r g e  end o f  t h e  l i g h t  
c o l l e c t o r  is  v i s i b l e  when t h e  r e f l e c t o r  p l u g  is removed from i t s  normal 
p o s i t i o n  i n  t h e  s i d e  o f  t h e  U - c h a n n e l  i n  t h e  r e a c t i o n  chamber.  The 
l igh t  co l lec tor  ex tends  through the  end panel of the  console  in  order  
t o  conduc t  t he  l i gh t  i n to  the  pho to tube  chamber.  The diameter of the 
l i g h t  p i p e  a t  i t s  smaller end in  the  photo tube  chamber is  0.1 inch. 
10. Dark S l i d e  
A s l i d i n g  wedge of blackened brass sheet is  pos i t ioned  
a t  t h e  small end of t h e  l i g h t  p i p e  so  t h a t  it can be interposed between 
the  end of t h e  l i g h t  p i p e  and the  phototube.  This  element is  c a l l e d  a 
" d a r k   s l i d e  and is  used   to   sh ie ld   the   photo tube  from room l i g h t  when the  
r e a c t i o n  chamber door is  opened.  Exposure  of  the  phototube  to  high 
l i g h t  l e v e l s  d e s e n s i t i z e s  t h e  p h o t o t u b e  and raises t h e  n o i s e  l e v e l  f o r  
several  hours .  The pos i t i on  o f  t h e  d a r k  s l i d e  is  con t ro l l ed  from the  
lower r i g h t  hand panel on the top of  the console  by r o t a t i n g  a con t ro l  
knob.  This  knob may be turned 90" i n  e i t h e r  d i r e c t i o n  from the  "open" 
pos i t i on  to  c lose  the  da rk  s l ide .  The r o t a t i o n  i s  t r a n s l a t e d  by a 
mechanical  l inkage into a ver t ical  motion which raises or lowers the 
s l i de  in  f ron t  o f  t he  pho to tube .  The d a r k  s l i d e  is  intended to  be kept  
c losed except  when a c t u a l l y  making a reac t ion  reading .  
C. Ligh t   In t ens i ty   Moni to r ing  
1. Photomul t ip l ie r  Tube 
The l i g h t  e m i t t e d  by the ATP-enzyme mixture  i s  co l l ec t ed  
by t h e  l i g h t  c o l l e c t i o n  s y s t e m  and i s  d i r ec t ed  th rough  the  da rk  s l ide  
assembly to  the photocathode of  the photomult ipl ier  tube.  The tube 
employed is an International Telephone and Telegraph Co. (ITT) model 
" FW 130G. This  tube is  a s i x t e e n  dynode photomultiplier  tube  which  has 
an S 1 1  phosphor  photocathode  which is 0.1 inch in  diameter .  (The base 
of t h e  l i g h t  p i p e  is a l s o  0.1 inch  in  d iameter . )  
The po ten t i a l  supp l i ed  to  the  ca thode  of the  photomul t ip l ie r  
is -1750 vol ts  developed by an  ITT s o l i d  s t a t e  DC t o  DC converter  mounted 
unde r  the  e l ec t ron ic  t imer  chass i s .  The dynode p o t e n t i a l  d i v i d e r  is 
cons t ruc ted  accord ing  to  ITT recommendation and c o n s i s t s  of 1% t o l e r -  
ance  depos i t ed  f i lm  re s i s to r s .  
The phototube is mounted i n  a magne t i c  sh i e ld  in se r t ed  
i n t o  a phenol ic  tube  ins ide  of a s ix- inch diameter  aluminum tube  a t tached  
t o  t h e  r e a c t i o n  chamber  end of the console  hehind the r ight  hand console  
panels.  The d a r k  s l i d e  c o n t r o l  on the  lower  r igh t  hand console panel 
r o t a t e s  a s h a f t  which enters the phototube housing and drives the dark 
s l i d e  mechanism through a cam arrangement. 
The phototube chamber can be removed by disengaging the 
d a r k  s l i d e  c o n t r o l  and  removing the  compression thumb-screw. The 
phototube proper is  housed in s ide  the  pheno l i c  t ube  which is  a t tached  
to  the cool ing assembly.  
2. Phototube  Cooler 
In  order  to  reduce  the  thermal  emiss ion  of  e lec t rons  
from the photocathode,  the temperature  of  this  cathode surface is 
reduced.  This  cooling is  accomplished by a n  I n t e r n a t i o n a l  Energy 
Convers ion   thermoelec t r ic   ( so l id-s ta te )   cooler .  This assembly  consists 
of a s e r i e s  of  thermoelectr ic  junct ion elements  mounted  on  one s i d e  t o  
a h e a t - s i n k  p l a t e ,  and on the  o the r  t o  a copper ring which i s  fashioned 
t o  f i t  loosely  around  the  photocathode end of  the  phototube. The i n s i d e  
o f  t h i s  r i n g  is coated with a s i l i cone  hea t - s ink  compound (General 
E l e c t r i c ,  I n s u l g r e a s e  G-641) t o  o b t a i n  a good thennal connection between 
the phototube and the  in s ide  su r face  o f  t he  r ing .  
The phototube cooling controls are located on t h e  l e f t  
s ide  o f  t he  lower l e f t  hand  drawer  panel  of  the  console.  These  controls 
cons i s t  o f  an  on -o f f  swi t ch ,  p i lo t  l i gh t ,  t empera tu re  se t  knob (b lue ) ,  
b i a s  cu r ren t  con t ro l ,  coo le r  cu r ren t  me te r  and a thermometer. To a d j u s t  
t h e  c o o l e r ,  r o t a t e  t h e  b l u e  knob  and the  b ias  cont ro l  comple te ly  c lock-  
wise, and tu rn  the  swi t ch  "on". When the  cooler  is  turned "on" the  
p i l o t  l i g h t s ,  a b i a s  c u r r e n t  of 7.5 amperes flows and the temperature 
w i l l  beg in  to  decrease  wi th in  30 seconds. When the temperature  reaches 
t h e  d e s i r e d  l e v e l ,  t h e  b l u e  knob i s  ro t a t ed  c lockwise  un t i l  t he  cu r ren t  
meter  reading  drops  to  zero.  This se t s  t he  t empera tu re  con t ro l  po in t  
and the  coo le r  w i l l  au tomat i ca l ly  r egu la t e  a t  this  temperature.  It i s  
recommended by the  manufac turer  tha t  when the  t empera tu re  con t ro l l e r  i s  
cyc l ing ,  t he  b i a s  con t ro l  be  advanced to  supply a b i a s  cu r ren t  ( r ead  
on the current  meter)  approximately equal  to  the current  required to  
main ta in  the  se t  t empera tu re .  S ince  the  coo le r  i s  in tended  to  opera te  
a t  the  lowes t  tempera ture  obta inable  (at l e a s t  -2OOC) t h i s  b i a s  c o n t r o l  
can  be  ro t a t ed  fu l ly  c lockwise  and  l e f t  i n  t h i s  pos i t i on .  With t h e  
design heat-s ink condi t ions temperatures  of  -35 C t o  -40 C are obtained.  0 0 
The h e a t  removed  from the phototube assembly is  conducted 
away  by a circulat ing water  bath f lowing through a channel  in  the  end 
p la te  of  the  photo tube  chamber. Water is  s u p p l i e d  t o  t h i s  h e a t  s i n k  
from the  same source of water used  in  the  r eac t ion  chamber environment 
con t ro l  ( s ee  3 (b) 2). Copper tubing is used t o  p i p e  t h e  water t o  t h e  
hea t  s ink .  The thermoelec t r ic  cooler  w i l l  cool  the phototube to  a t  
least 40' below the heat  s ink temperature .  
The phototube requires approximately one hour to  ach ieve  
operat ing  temperature .  The thermometer   indicates   the  temperature   deter-  
mined by a thermocouple mounted in  the r ing around the phototube;  there  
is  a l ag  in  the  coo l ing  of the  photoca thode  i t se l f  due  to  the  res i s tance  
of the thermal path in the mounting. 
The e l ec t ron ic  con t ro l  fo r  t he  the rmoe lec t r i c  coo le r  i s  
boxed i n  a subassembly placed on the lower shelf  in the back of the 
Ins t rumen t .  E lec t r i ca l  cab le s  connec t  t h i s  un i t  t o  t he  coo le r  and the  
f ron t  pane l  con t ro l s .  
3 .  Pulse  Amplif icat ion 
Each t i m e  a l i g h t  quantum in te rac ts  wi th  the  photoca thode  
of the  photo inul t ip l ie r  tube ,  e lec t rons  a re  emi t ted  from the photocathode 
material. The number of e l ec t rons  emi t t ed  i s  a func t ion  of the  energy 
given up by t h e  i n t e r a c t i n g  quantum and the  e f f ic iency  of  the  photo-  
electric process .  In  the  spec t ra l  range  over  which  the  par t icu lar  
photocathode material i s  s e n s i t i v e ,  t h e r e  are from one t o  six e l e c t r o n s  
emi t ted  per  quantum absorbed. 
The e l e c t r o n s  are guided through an electron-opt ical  
sys tem wi th in  the  tube  and  acce lera ted  by a po ten t i a l  d i f f e rence  o f  
several  hundred vol ts .  After  accelerat ion,  the electrons impact  on a 
co l l ec to r  e l ec t rode  coa ted  wi th  a material tha t  p roduces  addi t iona l  
e lec t rons  through the  process  of secondary  emission.  These new e l e c t r o n s  
are d i r e c t e d  and acce le ra t ed  toward a second secondary emit ter  e lectrode 
and s i m i l a r l y  f o r  f o u r t e e n  more s tages .  This  mul t ip l ica t ion  process  
produces a c h a r g e  o f  e l e c t r i c i t y  which is  c o l l e c t e d  by an anode electrode 
wi th in  the  tube .  I f  th i s  anode  i s  connected  through a r e s i s t a n c e  t o  t h e  
cathode,  the charge flows i n  t h e  form o f  a n  e l e c t r i c  c u r r e n t  and a 
poten t ia l  d rop  appears  across  the  res i s tance .  
S ince  the  emiss ion  of  e lec t rons  from the photocathode 
is  t h e  r e s u l t  o f  t h e  i n t e r a c t i o n  of a s i n g l e  quantum, a f i n i t e  e l e c t r i c  
charge is  de l ive red  to  the  anode  and a "pulse" of vol tage appears  across  
the  anode-cathode  resistance  for  each  photon  absorbed. The du ra t ion  
of   the  pulse  is on the  order   of  10 seconds so t h a t ,  a t  l e a s t  f o r  a 
small number of i n t e rac t ing  quan ta ,  t he re  i s  a one-to-one correspondence 
between interact ing quanta  and vol tage pulses  appearing across  the anode 
r e s i s t o r .  
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The magnitude of the voltage of a pulse  is  a func t ion  
of t he  number o f  e l ec t rons  e j ec t ed  by t h e  i n t e r a c t i n g  quantum and the  
mult ipl icat ion obtained through secondary emission.  For  the phototube 
employed i n  t h e  ATP Detec t ion  Ins t rument ,  pu lses  due  to  e lec t rons  
emit ted by the photocathode, have a voltage amplitude of 0.5 t o  6 m i l l i -  
vol ts .  This  ampli tude is  direct ly  dependent  on the  phototube  supply 
vo l t age  s ince  th i s  po ten t i a l  con t ro l s  t he  secondary  emis s ion  cons t an t  
for  the  mul t ip l ie r  s tages  of  the  photo tube .  The phototube power supply 
i s  r e g u l a t e d  t o  m a i n t a i n  t h e  p o t e n t i a l  c o n s t a n t  t o  0.1%. Deviations 
g rea t e r  t han  th i s  p roduce  s ign i f i can t  d i f f e rences  in  the  ampl i tude  o f  
the  vol tage  pulses  appear ing  a t  the  anode. 
The pulse  ampli tudes a t  the phototube are not adequate 
t o  d r i v e  a counter ,  so they are ampl i f i ed  in  a t h r e e  s t a g e  vacuum-tube 
ampl i f i e r  which  has a cathode fol lower output  s tage.  The ga in  of t h i s  
ampl i f i e r  is  250 a t  a frequency of 100 kc ,  and the bandwidth of the 
ampl i f i e r  is  such  tha t  the  ga in  a t  1 mc i s  - 60. This bandwidth permits 
t he  ampl i f i ca t ion  of the leading edge of the pulses which are used t o  
ac tua t e  an  e l ec t ron ic  coun te r .  
4. Pulse  Amplitude  Discrimination 
The phototube pulse output amplitude spectrum contains 
a l a r g e  number o f  d i sc ree t  pu l se  ampl i tudes .  Pu l ses  o r ig ina t e  a t  
electrodes other  than the photocathode,  and secondary emission coeff ic ients  
of t he  many m u l t i p l i e r  s t a g e s  are not  a constant .  However, pulses  
o r i g i n a t i n g  a t  the photocathode are the  l a rges t  i n  ampl i tude  ( s ince  
they have received the greatest  amplif icat ion in  the phototube)  and 
are the  only  pulses  of  in te res t  in  the  Ins t rument .  
I n  o r d e r  t o  d i s c r i m i n a t e  a g a i n s t  low vo l t age  pu l ses ,  an  
ampli tude control  i s  i n s e r t e d  i n  t h e  o u t p u t  c i r c u i t  o f  t h e  p u l s e  a m p l i f i e r .  
The e l ec t ron ic  coun te r  (see Sec t ion  5) r equ i r e s  a th re sho ld  vo l t age  to  
r e g i s t e r  a count ,  and  the  ampl i tude  cont ro l  regula tes  the  number of pulses 
from the  pu l se  ampl i f i e r  which w i l l  t r i p  t h e  c o u n t e r  mechanism. It is  a 
ten-turn potentiometer which is con t ro l l ed  from the  f ron t  pane l  o f  t he  
console. 
The pu l se  ampl i f i e r  i s  loca ted  on t h e  l e f t  t o p  of t he  
console ,  jus t  above  the  dua l  channel  recorder ,  on a narrow  panel.  There 
a r e  i n p u t  and output coaxial  connectors which allow a quick check of t he  
a m p l i f i e r  c h a r a c t e r i s t i c s  of accessab i l i t y  to  the  pho to tube  ou tpu t  and 
ampl i f i e r  ou tpu t  from the  f ron t  pane l .  The d i sc r imina to r  con t ro l  is a 
ten- turn  d ia l  wi th  zero  reading  be ing  zero  vol t s ,  the  comple te  d iscr imi-  
na t ion  l eve l .  The d i s c r i m i n a t o r  c h a r a c t e r i s t i c  i s  l i n e a r  w i t h  d i a l  
readings of 0 t o  1000. The power requi red  by the  pu l se  ampl i f i e r  is 
suppl ied from a power supply  loca ted  in  the  timer chass i s  and connected 
by means of a multiconductor cable.  The output  is normally  taken from 
the  f ron t  pane l ,  and  suppl ied  to  the  input  connec tor  of  the  e lec t ronic  
counter.  
5. Electronic  Counter 
Pulses appearing a t  the  output  of t he  ampl i f i e r -d i sc r imi -  
na to r  which exceed 18 m i l l i v o l t s  peak are  accepted  by t h e  e l e c t r o n i c  
counter  and regis tered on the numeric  readout  contained in  the counter  
assembly. The e l ec t ron ic  coun te r  is a T r a n s i s t o r  S p e c i a l t i e s  model 
361R, and is  a complete subassembly i n s t a l l e d  i n  t h e  u p p e r  l e f t  hand 
pane l  pos i t i on  on the  top  of the console .  The counter  may be operated 
as an event  counter  using i t s  own i n t e r n a l  timer o r  as an event counter 
which r eg i s t e r s  fo r  ex te rna l ly  de t e rmined  time periods.  This latter 
mode of opera t ion  i s  designed to  be employed i n  t h e  ATP Detect ion 
Instrument. To ach ieve  th i s  k ind  of opera t ion ,  the  counter  is  turned 
' o n ' ,  a l l o w e d  t o  s t a b i l i z e  f o r  f i f t e e n  m i n u t e s  w i t h  t h e  t i m e  i n t e r v a l  
s e l e c t o r  i n  t h e  Manual pos i t i on .  The reset and ready functions must be 
operated manually by pushing the reset button, followed by pushing the 
ready button. Both  of t h e s e  a r e  momentary c losure  swi tches  and  do not  
r e q u i r e  a long hold-down time. 
The t r i g g e r  l e v e l  of the counter  is a d j u s t a b l e  by two 
con t ro l s  on the counter  panel .  One of t hese  is  a decade  range  switch 
which  should  be i n  t h e  X ' l  pos i t ion  ( fu l ly  c lockwise) .  The o the r  con t ro l  
knob has been removed and replaced with a poten t iometer  lock-nut  s ince  
t h i s  c o n t r o l  a d j u s t s  t h e  t r i g g e r i n g  s e n s i t i v i t y  and p o l a r i t y  of t he  
inpu t  s igna l .  
The counter has a se l f -checking  capabi l i ty  by switching 
the   func t ion   swi tch   to   Per iod  A,  and the   In t e rva l   swi t ch   t o  10 . Under 
these  condi t ions  the  counter  w i l l  r e g i s t e r  1000. Other  se t t ings  of  the  
In te rva l  swi tch  w i l l  r e s u l t  i n  o t h e r  c o u n t  t o t a l s  ( s e e  t h e  c o u n t e r  
ins t ruc t ion   manual ) .  
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The counter ,  as  employed i n  t h e  ATP Detect ion Instrument ,  
is  ope ra t ed  in  the  manual mode; t h a t  i s ,  i t  w i l l  r e g i s t e r  t h e  t o t a l  
of a l l  the pulses  appearing a t  t h e  i n p u t  t h a t  a r e  o f  s u f f i c i e n t  v o l t a g e  
l e v e l .  The source  of  pulses is  con t ro l l ed  by the  Programmer ( see  
Sec t ion  6 )  s o  t h a t  a connect ion between the pulse  amplif ier  and the  
counter  i s  made only during a des i r ed  time i n t e r v a l .  This coupl ing 
between the amplif ier  and the counter  is made th.rough a diode which 
is  normally biased s o  t h a t  i t  is not conducting and hence an open 
c i r c u i t .  When pu l ses  are to  be  counted ,  the  b ias  vol tage  is  removed 
by t h e  programmer s o  t h a t  t h e  d i o d e  w i l l  conduct pulses from the  
ampl i f i e r  t o  the  counter .  This d i o d e  g a t e  c i r c u i t  is  b u i l t  i n t o  t h e  
ampl i f i e r  un i t .  Once t h e  g a t e  c i r c u i t  is  t u r n e d  o f f ,  t h e  t o t a l  c o u n t  
remains on the readout until  the manual "reset" button i s  pressed. 
Af t e r  r e se t t i ng  the  r eadou t  t o  ze ro ,  t he  coun te r  mus t  be  se t  fo r  ano the r  
count  cycle  by p res s ing  the  "manual timing" button. 
6 .  Programmer 
The programmer i n  t h e  ATP Detect ion Instrument  i s  b u i l t  
on the  chassis  behind the upper  r ight  hand panel  on the  top  of the  
console.  It conta ins  a time  base  generator  and  four sets of  counting 
c i r cu i t ry  wi th  swi t ch ing  and power supp l i e s .  
The time--base generator uses the 60 cycle  l ine frequency 
t o  produce a uni t  t ime in te rva l  of  25, 50, o r  100 mi l l i seconds .  The 
cho ice  o f  t h i s  i n t e rva l  is  made w i t h  t h e  s e l e c t o r  s w i t c h  i n  t h e  c e n t e r  
of the panel .  An i n d i c a t o r  l i g h t  ( g r e e n )  i n  t h e  c e n t e r  o f  t h e  p a n e l  
l i g h t s  when the  counters  are s e t  t o  z e r o .  To r e s e t  t h e  c o u n t e r ,  t h e  
" rese t"  bu t ton  is  depressed. This w i l l  c ause  the  g reen  l i gh t  t o  come 
on  and ind ica t e s  t he  coun te r s  are set  to  ze ro .  To start t h e  timer, 
t h e  s tar t  but ton  is depressed.  This  connects  the  t ime-base  generztor 
t o  the  coun te r s .  
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There are four  counters  which are i d e n t i c a l .  Each  one 
has a set  of fou r  d i a l s ,  each  numbered from 0 t o  9. The d i a l s  are 
a r r anged  in  ho r i zon ta l  rows. The r i g h t  hand  knob i s  t h e  u n i t s  d i a l ,  
and tens ,  hundreds,  and thousands decades are located proceeding from 
r i g h t  t o  l e f t  from t h e  u n i t s  d i a l - .  S e t t i n g  t h e s e  d i a l s  a d j u s t s  t h e  
counter  to  count  from t h e  s tar t  i n s t a n t  t o  t h e  number o f  un i t s  i nd ica t ed  
on t h e  d i a l s .  To d e t e r m i n e  t h e  t i m e  i n t e r v a l ,  t h e  d i a l  s e t t i n g s  are 
m u l t i p l i e d  by t h e  b a s i c  time i n t e r v a l  s e l e c t e d .  
Timer number one ,  r e fe r r ed  to  as Timer l i n e  A, con t ro l s  
t h e  i n i t i a t i o n  of t he  in j ec t ion  cyc le .  A s e t t i n g  on th i s  t imer  i s  i n  
e f f e c t  a time delay between pushing the s tar t  button and the start  of 
t he  in j ec t ion  cyc le .  When the t imer  has  counted the set  number of 
pu lses  ind ica ted  on t h e  d i a l s ,  i t  opera tes  a s w i t c h i n g  c i r c u i t  t h a t  
opera tes  a r e l a y  t o  open a hydrau l i c  so l eno id  to  s ta r t  t h e  i n j e c t i o n  
cycle .  
Timer  number two, r e f e r r e d  t o  as Timer  l i n e  B, which i s  
d i rec t ly  under  T i m e r  l i n e  A ,  con t ro l s  a r e l a y  which c loses  the  hydrau l i c  
so l eno id  to  s top  the  in j ec t ion  cyc le .  The l eng th  o f  t he  in j ec t ion  cyc le  
is  t h e  d i f f e r e n c e  i n  t i m e  s e t t i n g  between Timer l i n e  B and Timer l i n e  A. 
To ob ta in  the  real time, t h e  two sets of d i a l  r e a d i n g s  are sub t r ac t ed ;  
t h e  r e s u l t  is m u l t i p l i e d  by t h e  b a s i c  time interval  chosen with the 
cen te r  selector d i a l .  The minimum i n j e c t i o n  time i n t e r v a l  a v a i l a b l e  
is one u n i t  of 25 mil l i seconds  dura t ion .  
A t imer  over r ide  swi tch  is located below the two rows 
of d i a l s  which make up Timer l i n e s  A and B. I n  t h e  "on" p o s i t i o n ,  t h e  
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timer w i l l  ope ra t e  the  so l eno id  valves in  the  hydrau l i c  sys t em.  In  
the  "off" pos i t i on  the  so l eno ids  do not  opera te .  This switch is  
included s o  t h a t  t h e  o t h e r  p a i r  of timers can be operated independent ly  
of the  in jec t ion  sys tem.  
Timer number t h r e e ,  r e f e r r e d  t o  as Timer l i n e  C ,  con t ro l s  
the  s ta r t  of t he  pu l se  coun t ing  in t e rva l  by removing t h e  b i a s  v o l t a g e  
from t h e  g a t e  c i r c u i t  ( s e e  S e c t i o n  5). The s tar t  of the counting period 
may preceed,  coincide with,  or  fol low the start  of t he  in j ec t ion  cyc le  
depending on t h e  r e l a t i o n  of t h e  d i a l  s e t t i n g s  o f  l i n e  C t o  t h e  d i a l  
s e t t i n g s  on l i n e  A. 
Timer number f o u r ,  r e f e r r e d  t o  as Timer l i n e  D ,  con t ro l s  
t he  end of t he  pu l se  coun t ing  in t e rva l .  The coun t  i n t e rva l  i s  the  
d i f f e rence  be tween  the  d i a l  s e t t i ngs  on l i n e s  D and C m u l t i p l i e d  by 
t h e  b a s i c  time i n t e r v a l .  
A timer over r ide  swi tch  is  located below the two rows 
of d i a l s  which make up  Timer l i n e s  C and D. I n  the  ' on '  pos i t i on  the  
timer con t ro l s   t he   coun t   i n t e rva l .   I n   t he   ' o f f '   pos i t i on   t he   pu l se  
ampl i f i e r  is  connected to  the counter  cont inuously.  
The programmer has a power switch and a phototube power 
supply  on-off  switch. The pu l se  ampl i f i e r  power supply i s  a l s o  l o c a t e d  
i n  t h e  progranuner chass i s .  A mult i -conductor  cable  connects  the 
ampl i f i e r  to t he  power supply. A second  cable i s  used to  in t e rconnec t  
t he   p rog ramer  and the  solenoid  valves.   These  cables  thread  through 
h o l e s  i n  t h e  c o n s o l e  b a s e  t o  t h e i r  r e s p e c t i v e  t e r m i n a t i o n s .  
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7. Recorder 
A Westrex model DV-CX dua l  channe l  s t r ip  cha r t  r eco rde r  
is  a n  i n t e g r a l  p a r t  of t h e  ATP Detection Instrument.  When recordings 
are to  be  made, the  recorder  is  operated by i ts  own power swi t ches  to  
t u r n  i t  on  and t o  s tar t  the  cha r t  d r ive .  There are two i n p u t  c i r c u i t s  
t o  t h e  r e c o r d e r :  
(a) The l e f t  hand  channel is  connected  to   the  syr inge 
pos i t ion   t ransducer   ( see   Sec t ion  3 (b) 6 ) .  Since   th i s   t ransducer   has  
an  a rb i t ra ry  d i rec t  cur ren t  ou tput  for  the  res t  pos i t ion  (depending  on 
the mounting of the  t ransducer  wi th  respec t  to  the  connec t ion  to  the  
p i s t o n  on the  hydrau l i c  cy l inde r ) ,  a ze ro  pos i t i on  con t ro l  is  provided 
t o  a c c u r a t e l y  set  the  pen ind ica to r  t o  ze ro .  This con t ro l  is  located 
immediately  above  the l e f t  end of  the recorder .  The output  vo l tage  
range of the transducer exceeds the span of the recorder so  a vo l t age  
d i v i d e r  is  used to adjust  the magnitude of the transducer voltage to 
r e g i s t e r  f u l l  s c a l e  when the  sy r inge  p i s ton  is  a t  i t s  lowest level.  
This adjustment is  a semi-fixed one and i s  made by a potentiometer 
mounted  on a bracket  behind the recorder .  Unless  the posi t ion t ransducer  
mounting or coupling l inkage is  changed th is  ad jus tment  is  not  requi red  
t o  b e  a l t e r e d  a f t e r  b e i n g  s e t  i n i t i a l l y .  
(b) The r i g h t  hand  channel is  connected to a d i g i t a l -  
t o -ana log  conve r t e r  c i r cu i t  which i s  b u i l t  i n t o  a chass i s  mounted on 
the pulse  amplif ier  panel .  Pulses  are conducted to  an integrator  
c - i r c u i t  which produces a d i r e c t  c u r r e n t  o u t p u t  t h a t  is  l i n e a r l y  r e l a t e d  
t o  t h e  number of pulses per second. By r e c o r d i n g  t h i s  s i g n a l ,  t h e  pen 
d e f l e c t i o n  i s  a measure of the pulse rate, and  thus  the  l i gh t  i n t ens i ty .  
S i n c e  t h e  a c t u a l  p h o t o m u l t i p l i e r  p u l s e s  a r e . o f  s u c h  s h o r t  d u r a t i o n ,  a 
p u l s e  r e g e n e r a t i o n  c i r c u i t  i s  inc luded  in  the  conver te r .  Each s h o r t  
pu lse  from t h e  a m p l i f i e r  t r i g g e r s  a one - sho t  mul t iv ib ra to r  t ha t  gene ra t e s  
a longer  duration  pulse.   These  longer  pulses are in tegra ted  to  produce  
a g rea t e r  vo l t age  l eve l  ou tpu t  t han  would be poss ib l e  from i n t e g r a t i n g  
the  o r ig ina l  sho r t  pu l se s .  A choice of  regenerated pulse  lengths  i s  
provided by a f ront  pane l  se lec tor  swi tch  above  the  recorder  on the  
amplifier  panel.   For a small number of  pulses ,  long t ime durat ion i s  
d e s i r a b l e ;  f o r  i n c r e a s e d  p u l s e  r a t e s  t h e  d u r a t i o n  o f  t h e  r e g e n e r a t e d  
pulses must be reduced so t h a t  incoming pulses do not occur while the 
prevdous  regenerated  pulse i s  being formed. I f  t h i s  happens,   the  output 
w i l l  remain constant even though the number of  input  pu lses  increases .  
A potent iometer  is  loca ted  nex t  t o  the  pu l se  wid th  se l ec to r  fo r  t he  
purpose  of  se t t ing  the  def lec t ion  ampl i tude  to  a convenient value.  It 
is p o s s i b l e  t o  c a l i b r a t e  t h e  pen d e f l e c t i o n  f o r  p u l s e  r a t e  by us ing  a 
s igna l  gene ra to r  t o  p rov ide  known pulse  rates connected to  the pulse  
amplif ier   input   connector .   This  is  not   normal ly   requi red   s ince   the  
c h a r t  is  used to  record a qua l i ta t ive  measure  of  the  l igh t  ou tput  VS. 
time of the react ion being monitored.  The recorder  input  opera tes  
cont inuously and is  not  gated on or  off  by the count t imer;  thus a 
record  of  l igh t  ou tput  VS. time w i l l  be  recorded. The pulse width 
and the  s igna l  ampl i tude  a re  de te rmined  empir ica l ly  for  the  l igh t  leve l  
being produced by the react ions being monitored.  
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IV. Operating Procedure 
A. Instrument Set-Up 
1. With the  Instrument  connected  to  a  source  of  electrical  power, 
cold  water  and  gas  pressure,  the  programmer,  phototube  power  supply, 
electronic  counter  and  thermoelectric  cooler  are  turned  on with 
their  respective  power  switches.  Pilot  lights  indicate  the  on  condition 
of  each  of  these  units with the  exception  of  the  phototube  power  supply. 
A period  of  one  hour  should  be  allowed  for  complete  cooling f the  photo- 
tube  from  room  temperature  even  though  the  thermometer  indicates  the 
desired  temperature.  The  cooler  may  be  left  on  indefinitely  if  desired 
so that  the warm-up period can be  reduced  to  fifteen  minutes. 
2. If  sample  environmental  control  is  to  be  used,  check 
the  filling  of  the  sample  holder  channel with distilled  water  to  within 
one/quarter  of  an  inch  of  the  top  without  the  sample  holding  rack  in  the 
channel.  Turn  on  the  temperature  controller,  calibrate  the  thermometer 
and  set  the  desired  temperature.  If  recordings  are  to  be made, turn on 
the  recorder. 
3 .  After  fifteen  minutes  of  warm  up: (a) press  the  "reset" 
button  on  the  programmer  to  insure  that  the  ready  light  (green)  is 
on, (b) adjust  the  hydraulic  pressure  to 60 lbs. with the  pressure 
regulator  valve  under  the  pressure  gage, (c) press  the  hydraulic 
system  "reset"  button  and  wait  until  the  hydraulic  cyclinder  retracts 
to  its  topmost  position.  After  the  cylinder  is  in  position,  press  the 
"pressurize"  button  to  charge  the  hydraulic  system.  This  action 
is  accompanied  by  an  exhaust  cycle  and  a  slight  downward  motion of 
t he   cy l inde r   p i s ton .   Dur ing   t h i s   s e t t i ng ,   t he  timers must  be reset  
proper ly  or  when the  "pressur ize"  but ton  is depressed the hydraul ic  
cy l inde r  w i l l  t r a v e l  i t s  f u l l  s t r o k e  downward. For th i s   r ea son  it 
i s  des i r ab le  to  de l ay  load ing  a sy r inge  in to  the  r eac t ion  chamber 
u n t i l  t h e  " p r e s s u r i z e "  s e t t i n g  i s  made. The system  cannot  be  pressurized 
i f  t h e  i n j e c t i o n  c o n t r o l  timers (timer l i n e s  A and B) a r e  a l l  s e t  t o  
zero. Use t h e  u n i t s  d i a l  se t  t o  1 on both  l ines   or   any  other   convenient  
s e t t i n g s .  
B. Sample Preparat ion 
1. S e r i l i z a t i o n  
The pu rpose  o f  s t e r i l i za t ion  and cleaning i s  t o  i n s u r e  
t h a t  no t r a c e  of microorganisms or other source of ATP i s  p r e s e n t  i n ,  
o r  can  inadver ten t ly  be  admi t ted  to  the  enzyme mixture or the sample 
t o  be  analyzed  for  the  presence  of ATP. The  nzyme mixture i s  contained 
in  cuve t t e s  suppor t ed  in  a holding rack and the sample to be analyzed 
i s  confined  to  a sy r inge .  These  must  be s te r i le  and  chemically  clean, 
not only of ATP bu t  any other contaminants which might interfere with 
the desired biochemical  react ion.  
The cuvet te  des igns  a re  such  tha t  the  meta l  type  may be 
disassembled and the rack with the cover glasses removed, washed in 
0.1 Normal HC1,  r i n s e d  i n  d e i o n i z e d ,  d i s t i l l e d  w a t e r ,  and autoclaved 
a t  1 2 l o C  f o r  20 minutes. The a l t e rna te   cuve t t e   r ack ,   des igned   fo r  
routine work, which uses disposable miniature tes t  tubes need not be 
cleaned as long as the  t es t  tubes  themse lves  a re  s t e r i l e  and clean 
before   the  introduct ion  of   the enzyme mixture.  The g lass   tube   cuvet tes  
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are c leaned  in  -0 .1  Normal HC1 by boi l ing for  ten minutes .  Fol lowing the 
bo i l ing ,  t he  tubes  must  be r insed thoroughly in  s ter i le  deionized water f o r  
t en  cyc le s ,  p ro t ec t ed  f rom the  en t ry  o f  pa r t i cu la t e s  and  oven d r i ed .  
The disposable  syr inge i s  s u p p l i e d  i n  a s te r i le  clean condi- 
t ion and need not  be t reated fur ther  provided care i s  e x e r c i s e d  i n  n o t  
l e t t i ng  the  t i p  touch  any th ing  and r e s t r i c t i n g  i t s  exposure  to  room a i r .  
The prec is ion  syr inge  i s  t r ea t ed  the  same as  the  g l a s s  cuve t t e s ;  i t  i s  
d isassembled ,  bo i led  in  0.1 N HC1 for  ten  minutes ,  r insed  and d r i ed .  
The r e a c t i o n  chamber should  be  dus t  f ree  to  prevent  the  en t ry  
o r  r e l e a s e  of p a r t i c u l a t e s  i n t o  t h e  c u v e t t e s .  It should   be   per iodica l ly  
wiped clean w i t h  a s t e r i l e  s o f t  c l o t h  m o i s t e n e d  w i t h  d i s i n f e c t a n t .  The r e a c t i o n  
chamber should be kept closed except during loading and unloading. 
Cuvettes should not be allowed to stand open  exposed t o  room 
a i r  w i t h o u t  a cover. Aluminum f o i l  o r  t h i n  m y l a r  f i l m  which i s  d u s t  f r e e  
can be placed over the cuvettes during storage,  standby, or Instrument loading. 
C.  Enzyme ~~ Mixture  and Sample I n j e c t i o n  
There are a v a r i e t y  of prepara t ion  schedules  for  enzyme 
mixtures  and  injection  samples.  The quan t i ty  of enzyme placed  in   the 
g l a s s  c u v e t t e  i s  a t  l ea s t  0 .15  m l  and  no more than 0.3 m l .  The f i l l i n g  
c r i t e r i a  are bas ica l ly  whether  the  needle  of the  in jec t ion  syr inge  i s  
be low the  l iqu id  leve l  in . . the  cuvet te  when the  syr inge  car r iage  i s  
lowered  in to  pos i t i on  fo r  an  in j ec t ion  ( topmos t  pos i t i on  o f  t he  ca r r i age  
c o n t r o l  l e v e r ) ,  and the volume of the injection to be made and i t s  
e f f e c t  on d i l u t i o n  o f  the,enzyme mixture. 
The  metal  cuvettes  will  hold  0.15 ml enzyme  sample  and  are 
designed  for  use with the Hamilton  syringe.  Using  this  syringe, when 
the  carriage  is in position  for  injection,  the  tip  of  the  needle  is 
in the  center  of  the  cuvette. 
The  syringes  hold  either  lcc  (the  disposable  type) or ten 
lambda  (Hamilton)  and  can  be  partially  or  completely  filled  depending 
on  the  total  volume  required  for  a  set  of  injections. 
Specific  preparation  schedules  for  the  enzyme  mixtures  and 
injection  samples  will  be  assembled  as  an  appendix  to  this  Manual  after 
the  completion of experimental  work  programs  to  determine  the  most 
suitable  combination of ingredients  and  processing. 
D. Loading  the  Samples  in  the  Instrument 
The  reaction  chamber  door  is  opened  by  releasing  the  four  spring 
clips  and  lowering  the  door  into  the  drop  position.  The  dark  slide 
on the  phototube  must  be  closed when the  reaction  chamber  is  opened. 
Failure  to  close  the  dark  slide  first  may  result in sensitizing  the 
photocathode  for  a  period of several  hours,  especially if  it  is 
exposed  to  the  light  from  fluorescent  lamps.  The  reaction  chamber  door 
is  heavy  and  has  sharp  edges so that  care  is  required  not  to  drop  it  acci- 
de t a 1l.y  causing  bodily  injury or a  severe  impact  against  the  Instrument 
cabinet. A strip of rubber  cemented  to  the  Instrument  side i s  to  be 
used  as  a  bumper  for  the  door  top in the drop posftioa. 
The  loaded  cuvette  racks  are  placed  into  the  U-shaped 
trough  in  the  reaction  chamber so that  the  end  of  the  rack with the 
fork  is  at  the  front  of  the  Instrument  (left  side  facing  the  reaction 
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chamber). The hydrau l i c   cy l inde r   ca r r i age  is  r a i s e d  t o  i t s  topmost 
p o s i t i o n  f o r  t h i s  o p e r a t i o n .  It i s  easier t o  l o a d  a sample  holding 
rack without a s y r i n g e  i n s t a l l e d ,  b u t  w i t h  care i t  can be accomplished. 
The fork on the  sample  r ack  f i t s  Over a boss on the holding rack 
pos i t ion ing  rod .  The sample  rack may be i n s t a l l e d  w i t h  t h e  p o s i t i o n  
rod  indexed  into  any of t h e  e i g h t  p o s i t i o n s .  However, i t  i s  easier t o  
do  i f  the  pos i t ion  rod  i s  fu l ly  ex tended  f rom the  f ront  of  the  reac t ion  
chamber so tha t  the  boss  i s  a t  the extreme lef t  s ide of  the channel .  
A syringe i s  loaded and the body placed in  the holder  
provided. The l i p  on the   syr inge   p i s ton  i s  engaged i n  t h e  s p r i n g  
c l i p  a t  t h e  t o p  of the  syringe  holding  assembly. As exp la ined   i n  
Sect ion I V  A, the  hydraul ic  system should be pressurized before  loading 
the  syr inge . 
A check should be performed on the syringe needle alignment 
by lowering the carr iage with the lever  and observing whether  the 
needle w i l l  en te r   the   cuvet te .  The needles are qu i t e  t h in  and  sub jec t  
t o  bend ing  du r ing  hand l ing  ( e spec ia l ly  the  s t e r i l i za t ion  o f  t he  
Hamil ton syr inge) .  Minor  changes in  cuvet te  posi t ion are made by 
r o t a t i n g  t h e  p o s i t i o n  r o d  t o  t h e  r i g h t  o r  t h e  l e f t  t o  c e n t e r  t h e  c u v e t t e  
entry port  under  the needle .  In  extreme cases ,  the needle  may have t o  
be  s t ra ightened .  
When needle alignment i s  accu ra t e  fo r  one cuve t t e ,  i t  i s  
a c c u r a t e  f o r  a l l  e i g h t ,  so t h e  r e a c t i o n  chamber may be closed and 
secured. The door i s  secu red   t o  compress  the  light  gasket  around  the 
door  to  plievent  the  entry of ambient  room  light. A pinhole  light 
leak  will  completely  blind  the  instrument  to  accurate  reaction  monitoring. 
E. Pre-Injection Monitoring 
Two pieces of information  are  derived  from  pre-injection 
monitoring: (1) a  phototube  "dark  count"  which  is  a  measure of the 
thermal  and  background  noise  generated  by  the  phototube,  and (2) an 
inherent  light  count  which  is  a  measure  of  the  inherent  light  radiated 
by  the  enzyme  mixture  in  the  cuvette  positioned  in  front  of  the  light 
collector. In order  to  make  these  measurements: 
1. Disable  the  solenoid  timer  by  turning  the  switch  located 
below  Timer  lines A and B to  the  off  position. 
2. Set the  desired  counting  period  by  selecting  a  basic  time 
interval  and  set  Timer  line C to  at  least  one  unit.  Set  Timer  line D 
to  the  number of time  units  desired  plus  one  (to  compensate  for  the 
setting  on  line C). Recommended  monitoring  periods  for  initial  use 
of the  Instrument  are  either 5 or 10 seconds.  (Settingson  Timer  line C, 
0001  and  0201  on  Timer  line  D  with  a  basic  time  unit  of  25  milliseconds 
will  generate  a  five  second  interval.) 
3 .  Depress  the  programmer  reset  button  along  with  the  Manual 
reset  and  Manual  start  buttons  on  the  electronic  counter  to  set  the 
readout  to  zeros  and  ready  the  timer. 
4 .  Set the  discriminator  to  the  desired  reading  (see  Section V, F). 
5 .  Make  certain  the  dark  slide  is  in  the  closed  position. 
6 .  Press  the  start  button  on  the  programmer.  This  will 
cause  the  green  light  to  go  out  and  the  amplifier  gate  will  be 
automatically  closed at the  end  of  the  first  time  unit.  The  gate will 
open  automatically  at  the  end  of  the  time  interval,  but  the  green  light 
will  remain  out  until  the  reset  button  on  the  programmer  is  depressed. 
7. The  count  registered  on  the  readout on the  counter  is 
the  dark  count.  Ordinarily  five  such  readings  are  taken  by  repeating 
steps 3 and 6 to  obtain  five  values  of  dark  count.  Experience  will  tell 
(see Section V,B)  whether  the  dark  count  is  in  the  right  range  for  the 
temperature,  discriminator,  and  time  interval  chosen  for  the  measurement. 
8 .  The  inherent  light  reading  is  taken  on  the  cuvette  in 
position  in  front  of  the  light  system.  The  cuvette  number  is  obtained 
by  counting  the  grooves  in  the  cuvette  positioning  rod  that  are  outside 
the  reaction  chamber.  To  take  this count,  open  the  dark  slide,  and 
repeat  steps 3 and 6 .  Ordinarily  five  such  inherent  light  readings 
are  taken so that  they can later  be  averaged  (see  Section V,D). The 
inherent  light  level  decreases  with  time so the  readings  should  be  taken 
in  quick  succession  and  the  injection  made  as  soon  as  the  inherent 
light  counts  are  complete. 
F. Injection Cycle 
The  completion of the  dark  count  readings  and  the  inherent 
light  readings  completes  the  pre-injection  monitoring.  The  preparation 
for  an  injection  cycle  is  made  in  the  following  steps: 
1.  The  hydraulic  system  should  have  been  pressurized. 
2. The  desired  volume of sample to be  used  is  computed  in 
terms  of  length of cylinder  stroke  to  deliver.  For  the two syringes 
supp l i ed ,  a c a l i b r a t i o n  c h a r t  of time s e t t i n g s  and hydraul ic  pressure 
€ o r  s p e c i f i c  sample  volumes i s  presented  in  F igure  5 .  
3.  The des i r ed  p res su re  i s  set by ad jus t ing   the   p ressure  
valve to  give the desired gage pressure.  
4 .  The i n j e c t i o n  s t a r t  time i s  set i n t o  Timer l i n e  A and 
s top   t ime   i n to   l i ne  B i n   m u l t i p l e s  of the   bas ic  time i n t e r v a l .   I n  
g e n e r a l ,  i n j e c t i o n  and  count s ta r t ing  t imes  a re  the  same so  Timer l i n e  A 
and l i n e  C should  have  the same reading. 
5. Press   the programmer r e s e t  b u t t o n  t o  make sura   the  green 
l i g h t  i s  on;  press  the two s e t  b u t t o n s  on the  e l ec t ron ic  coun te r ,  
6.  Lower the   syr inge   car r iage  by r a i s ing   t he   l eve r   t o   t he  
top of i t s  t r ave l  t o  p l ace  the  t i p  of the syr inge needle  into the 
cuve t t e  i n s ide  the  r eac t ion  chamber. 
7. Turn  the  solenoid  control  switch t o  the on pos i t i on .  
8. Open the   da rk   s l i de .  
9 .  Press   the programmer s t a r t   b u t t o n .  
10. Record  the  total   count shown on the  counter  read-out.  
11. Turn  the  solenoid  control   switch  to  off. 
1 2 .  Raise   the  syr inge  carr iage by drawing  the  control   lever  
to  the  lowes t  pos i t ion .  
13. Place a new c u v e t t e  i n t o  p o s i t i o n  by t r ans l a t ing  the  rod  
to  the  next  index  pos i t ion .  
G. Data  Recording 
The data acquired from a par t icu lar  exper iment  may be recorded 
on a da t a  form  such as i s  shown in  F igu re  6 .  This  form makes provis ions 
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Figure 5.-  ATP detection instrument, syringe displacement versus time for specific hydraulic pressures. 
ATP DETECTION INSTRWNT DATA  SHEET 
DATE: 
PURPOSE OF TEST: 
Volume : ATP  sample,  conc ntration / Temperature  eaction, 
enzyme  photocathode 
Count  Period seconds,  starting r C w e  t  t
Injection  time seconds  Dark  Count 
Injection  pressure lbs /in 
2 
Enzyme  Preparation: 
Discriminator  Setting 
No.  Inherent  Light Reapom e Inherant Light RespoMc 
Figure 6.- Sample data  sheet ,  ATP detec t ion  ins t rument .  
for  keeping  a  record  of  all  of  the  significant  parameters. It may  be 
completed  before  or  after  the  injection  or  used  as  the  statement  of 
the  experimental  design. 
V. Calibration Procedure 
A,. Purpose 
Calibration  is  effected  for  two  reasons:  one, to  measure  the 
basic  light  sensitivity  of  the  Instrument;  and  two,  to  measure  the 
light  emitted  from  the  reaction  of  know  quantities of ATP. The 
calibration  is  used  to  determine  average  response  and  the  standard 
deviation  of  measurement.  Data  analysis  will  provide  the  resolution 
of  the  experiment. 
B. Instrument  Set-Up  for  Calibration 
The  instrument  is  prepared  for  calibration  in  the  same  manner 
as it is  prepared  for  an  experimental  reading  of  dark  count 
or  an  inherent  light  measurement.  The  use  of a standard  light  source 
calibration  run  requires  that  the  immersion  fluid  be  drained  from  the 
sample  rack  and  the  center  plug  (reflector  surface)  removed  for  the 
insertion  of  the  standard  light  source.  When  standard  sample  concen- 
trations  of ATP  are  used to determine  Instrument  response,  the  Instru- 
ment  is  set  up  for  operation  just  as  for  any  injection  experiment. 
C. Using  the  Standard  Light  Source 
A standard  light  source (U. S. Radium  Corp., G-150 phosphor 
serial  no.  52522)  is  supplied with the  Instrument.  This  source  is a 
f luorescent  phosphor  exci ted by C14 which produces a su r face  b r igh tness  
of .015 microlamberts when i t  has not been exposed t o  any l ight  whatsoever  
f o r  a pe r iod  of 24 hours.  The exposure  of   the   act ive  surface of the 
l ight  source,  even to  dark-room l ight ,  w i l l  cause a change i n  i t s  l i g h t  
output .  It i s  therefore   very   impor tan t   to   handle   the   l igh t   source  
c a r e f u l l y .  
The i n t e n s i t y  of l i g h t  from  the  source i s  r e l a t i v e l y  h i g h  
for  tes t ing the instrument ,  even though i t  i s  b a r e l y  d i s c e r n a b l e  t o  
the human eye i n  t o t a l  d a r k e n s s .  To reduce  the  surface  area  and 
hence  the  to t a l  l i gh t  ou tpu t ,  a mask has been designed which has two 
h o l e s   i n  i t s  f r o n t   s u r f a c e .  One of  these i s  0.125  inches i n  diameter;  
the   o ther  i s  .0465  inches  in  diameter.  A cover  can  be  placed  over 
e i t h e r  of t h e  h o l e s  t o  o b t a i n  two d i f f e r e n t  s o u r c e  a r e a s .  I n  a d d i t i o n  
t o  t h e  mask, a se t  of t h r e e  n e u t r a l  d e n s i t y  f i l t e r s  i s  supplied which 
provide  transmission  factors  of  12.5%,  1.25%,  and  .0125%.  These  are 
used by p l ac ing  them in the U-channel between the standard l ight source 
face and the end of the l ight-pipe on t h e  r e a r  l i p  of  the  channel. 
A time i n t e r v a l  of f ive seconds i s  used to accumulate a 
count .   Since  the  l ight   output   f rom  the  source i s  continuous,  i t  i s  
p o s s i b l e  t o  t a k e  a l a r g e  number of  readings.   Sixty  readings  have  been 
used in  determining the average response and the s tandard deviat ion 
o f  the  measurements. The d a t a  r e q u i r e d  i n  a s tandard   l igh t   source  
measurement i s  shown in   F igu re  7. The o r d i n a t e  i s  t h e   l i g h t   l e v e l  
i n  lumens;  the  abscissa i s  the number of counts  recorded. The raw 
d a t a  was reduced by the method out l ined in  Sect ion V, E. 
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Figure 7.- ATP detection  instrument,  light flux detection  sensitivity. 
The  following  calculations  are  required  to  interpret  the 
results of a  standard  light  source  test: 
1. Since  the  source  brightness  is  .015  microlamberts 
and  a  lambert  is  a  lumen  per  square  centimeter,  the  total  light  fiux 
radiated  normal  to  the  source  surface  is  the  brightness  divided  by 
the  source  area: 
(a) .015 x lamberts = lumens 2.857 cm 2 = 4.29 x lumens 
2. The  mask  exposes  a  fixed  percentage  of  the  surface  area. 
Thus  a  ,125  inch  diameter  hole  has  an  area of  .0123  in which is 2.7% 
of  the  source area,  Therefore,  the  light  flux  emitted  is  equal  to: 
2 
(a) .027 x 4.29 x loo8 lumens or 1.15 x loo9 lumens. 
3 .  The  use  of  a  neutral  density  filter  between  the  source 
and  the  light  collecting  system  reduces  the  light  intensity  by  the 
transmission  factor.  Since  three  such  filters  are  available,  the  light 
levels  produced  are: 
(a) 1.15 x 10" lumens  x  .125  or  1.43 x 10 lumens 
(b)  1.15 x 10' lumens x .0125  or  1.43  x 10"' lumens 
(c) 1.15 x 10" lumens x .000125 or 1.43 x lumens 
The  use  of  the  source,  the  mask  and  the  filters  provide  twelve  separate 
light  levels  for  calibration  purposes.  The  calibration  is  carried  out 
in lumens  since  this  is  a  standard  method  of  rating  phototube  sensitivity 
and  light  intensities.  Changing  source  areas  reveals  differences  in 
optical  efficiency  and  the  use  of  stacked  plates  in  the  neutral  density 
filters  results  in  additional  losses  due to internal  reflections, s o  
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the  absolute  accuracy  and  the  repeatability  of  some  points  is  poorer 
than  others. 
It should  be  noted  that  the  light  intensities  calculated 
are  for  the  source  and  not  at  the  photocathode  surface. -In  order  to 
relate  true  light  level  comparisons  between  the  standard  source  and 
a  cuvette, the  distance  from  the  photocathode  of  each  source  must  be 
accounted  for.  The  ratio  of  two  light  intensities  varies  as  the  ratio 
of the  squares of the  distance  to  the  source. In the ATP Detection 
Instrument  the  standard  light  source  in  position  is  located 3 . 8  inches 
from  the  photocathode,  while  the  center  of  the  cuvette is -2.73 inches 
from  the  photocathode.  The  ratio  of  the  square  of  these  dimensions i
0.49. Thus,  approximately,  a  reaction  emitting  half  the  light  intensity 
of  the  standard  source  will  produce  the  same  number of counts  as  are 
obtained  from  the  standard  light  source. 
No attempt  has  been  made  to  match  or  determine  the  spectral 
characteristics  of  the  standard  light  source vs. the  light  spectrum 
of either  inherent  light  or  the  light  emitted  by  an  ATP-enzyme  reaction. 
D. Use ~~ of  Standard ATP Concentrations 
The  measurement of the  Instrument  response  to known concen- 
trations  of ATP is  carried  out  using  the  procedure  outlined  in  Section IV. 
In order  to  determine  the  dispersion  of  the  experiment,  replicate 
experiments  are  conducted  by  running  a  series  of  identical.  injections 
of ATP into  a  set  of  enzyme  mixtures.  Since  a  sample  rack  will  hold 
eight  cuvettes,  a  minimum  of  eight  samples  are  run  under  the  same 
condi t ions .  As t he   va r i ance  of the   i nd iv idua l  t r ies inc reases ,  a l a r g e r  
number of r e p l i c a t e s  a r e  t a k e n .  
Inhe ren t  l i gh t  r ead ings  a re  t aken  on e a c h  c u v e t t e  t o  e s t a b l i s h  
an average value; one response reading i s  taken,  and the  two sub t r ac t ed  
t o  o b t a i n  a net   response.  The average  response  and  the  s tandard  deviat ion 
a r e  computed f o r  t h e  set of measurements. 
The reac t ion  response  i s  a func t ion  of t h e  p a r t i c u l a r  enzyme 
mixture  used,  the concentrat ion of ATP in  the  in j ec t ed  sample ,  t he  
sample  volume  and the   resu l tan t   speed  of  mixing.  For  large  sample 
volumes,  there i s  a d e c r e a s e  i n  t h e  i n h e r e n t  l i g h t  l e v e l  due t o  
d i l u t i o n  of the enzyme mixture which i s  determined by i n j e c t i n g  
s t e r i l e ,   d e i o n i z e d   w a t e r   i n t o   t h e  enzyme. This   decrease  in   back-  
ground i s  sub t r ac t ed  from the  inhe ren t  l i gh t  r ead ings  ob ta ined .  
Figure 8 i s  a p l o t  of the  number of  counts  recorded in  a 
f ive-second per iod ,  beginning  wi th  the  s ta r t  o f  the  in jec t ion ,  for  
a range of ATP concen t r a t ions  in  a cons t an t  volume  of  sample. This 
curve  represents   the  response of a p a r t i c u l a r  enzyme mixture .  By 
su i tab ly  process ing  th i s  mix ture ,  reduced  inherent  l igh t  and  a g r e a t e r  
a c t i v i t y  may be achieved. The l i m i t i n g  f a c t o r  i n  t h e  I n s t r u m e n t  
s e n s i t i v i t y  i n  t h e  d e t e c t i o n  o f  sma l l  quan t i t i e s  of ATP is ,  a t  p re sen t ,  
t h e   i n h e r e n t   l i g h t   l e v e l .   I f   t h e   i n h e r e n t   l i g h t  were  not   present ,   the  
l i m i t i n g  f a c t o r  would be the phototube dark current.  
E .  Data  Analysis 
The da ta  acqu i r ed  f rom s t anda rd  l i gh t  sou rce  t e s t s  and 
i n j e c t i o n s  of  known amounts of ATP i n t o  enzyme mixtures  i s  analyzed 
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Figure 8.- ATP detection  sensitivity. 
t o  o b t a i n  t h e  b e s t  estimates of the average and the standard deviation, 
To do t h i s ,  r e p l i c a t e  r e a d i n g s  of the response of the instrument are 
averaged; the deviation of each reading from the average, and i t s  
square computed,  and the  va r i ance  computed  by summing the squares 
and d iv id ing  by a number one less than  the number of  readings. The 
s tandard  devia t ion  i s  the  square  root  of  the  var iance .  
I n  o r d e r  t o  make the  bes t  dec i s ion  on  the  p robab le  u t i l i t y  
of a s ing le  de te rmina t ion  and to  de te rmine  the  minimum s t a t i s t i c a l l y  
s ign i f i can t  i n t e rva l  t ha t  can  be  r e so lved ,  a conf idence  leve l  of  95% 
i s  adopted. Two standard  deviations  below  one  reading  that   produces 
the same number of counts as two standard deviations above another,  
represents  the  minimum r e l i a b l y  d i s t i n g u i s h a b l e  d i f f e r e n c e  i n  ATP 
concen t r a t ion  when using a s ing le  reading .  When more than one reading 
can be used, either the confidence level is  r a i s e d  o r  t h e  c o n c e n t r a t i o n  
difference interval  can be decreased keeping the confidence level  a t  95%. 
Examination  of  the  curves  (Figure 7 and 8) shows tha t  t he  
pe rcen tage  va r i a t ion  in  r ead ings  inc reases  a t  t he  lowes t  l i gh t  l eve l s  
t o  t h e  p o i n t  when the  unce r t a in ty  in  the  r ead ing  inc ludes  the  level 
which i s  the  dark  count.   This i s  the   l imi t ing   s ens i t i v i ty   a s   de t e rmined  
by t h e s e  t e s t s .  It should  be  noted  that   there  i s  no   a t tempt   to   separa te  
Ins t rument ,   exper imenta l   o r   reac t ion   var iab les .  An estimate of t he  
Instrument error can be made by comparing the standard deviation of 
Figure 7 and 8. In   the   former ,   the   var iance  i s  l e s s  by a considerable  
factor  even though the s tandard l ight  source i s  fundamentally a 
s c i n t i l l a t i o n  c o u n t e r  of CI4 d i s in t eg ra t ions  wh ich  i s  a s t a t i s t i c a l  
process and must demonstrate some var iance.  
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The  ATP  detection  sensitivity  and  resolution  exhibited  in 
Figure 8 is not the  ultimate  sensitivity of the  Instrument,  simply 
the  data  acquired  during a specific  calibration  run. A separate  run 
with a  different  enzyme  should  produce  the  same  curve  displaced  upward 
or  downward  depending on the  activity of the  enzyme. A lower  inherent 
light  level  will  reduce  the  variance  and  increase  the  resolution. 
VI. Manuals  and  Instructions  Included 
The  following  is a list  of  the  commercial  equipment  manuals 
supplied  for  components  used  in  the ATP Detection  Instrument. 
1. Instruction  Manual,  Model  371R  Apti-meter  Transistor 
Specialties,  Inc.,  Plainview, L.  I., N. Y. 
2. Instruction  Manual,  Model DV-GM Strip  Chart  Recorder 
Westronics,  Inc.,  Fort  Worth,  Texas 
3 .  Instructions,  YSI  Thermistemp  Model  73  Indicating  Controller, 
Yellow  Springs  Instrument  Company,  Yellow  Springs,  Ohio 
4. Instructions,  Metripak,  Position  Sensing  Transducer,  Brush 
Instruments,  Cleveland  14,  Ohio 
5. Instruction  and  Operating  Manual,  Model 63446  Power  Supply, 
Harrison  Laboratories,  Berkley  Heights,  New  Jersey 
6. Schematic,  parts  list,  correspondence,  on  Thermoelectric 
cooler,  International  Energy  Conversion,  Inc.,  Garland,  Texas 
7. U. S. R. C. "Isolite"  Standard  Source, U. S. Radium  Corporation, 
Morristown,  New  Jersey 
8. Data  Sheet,  FWG-130G  Phototube,  International  Telephone  and 
Telegraph,  Fort  Wayne , Indiana 
The  wiring  diagrams  for  the  Programmer,  the  pulse  amplifier,  and 
the  digital-to-analog  converter  are  included  in  a  folder  supplied 
with the  equipment  manuals  for  the  commerical  sub-assemblies.  These 
diagrams  have  color  codes  and  voltage  measurements  for  maintenance  and 
trouble  shooting  purposes.  A  parts  list  and  circuit  board  layout  are 
included  for  parts  location  use. 
The  mechanical  drawings  showing  all  of  the  fabricated  parts,  and 
assembly  drawings,  are  listed  on  the  drawing  list.  The  drawing  set  is 
included  as  part  of  this  manual  but  for  convenience  is  packaged  separately. 
VI. Drawing List 
Top  Assemblies 
Drawing No. 
D 1002 
D 1069 
D  1070 
D  1071 
C  1008 
C  1013 
c 1020 
B 1001 
C  1003 
C  1004 
B 1005 
Description 
Reaction  Chamber  Weldment 
Cuvette  Reaction  Chamber  Assembly 
Injection  System  Assembly 
Phototube  Housing  Assembly 
Sub-Assemblies 
Cuvette  Assembly 
Reaction  Chamber  Door 
Cuvette  Holder  Assembly 
Detail  Drawings 
Thermoelectric  Cooler 
Left  Chassis  Side 
Right  Chassis  Side 
Weld  Angle 
B 1006 
C  1007 
B  1009 
B 1010 
B  1011 
B 1012 
C  1013 
3 1014 
B  1015 
B 1016 
B  1017 
B 1018 
B  1019 
c 1020 
B 1021 
B 1022 
B 1023 
B 1024 
B 1025 
B 1026 
C  1027 
B 1028 
B 1029 
B 1030 
B  1031 
C 1032 
D 1033 
C 1034 
C  1035 
B  1036 
B  1037 
B  1038 
B  1039 
End  Gusset 
Chassis  Bottom 
Mounting  Strip 
Mounting  Strip 
Window  Chamber 
Cuvette  Chamber 
Reaction  Chamber  Door 
Top Plate 
Ref  lectoi: 
Ref  lector 
Ref  lector 
Dark  Slide  Disc 
Bushing 
Cuvette  Holder 
Mounting  Ring 
Track S 1  ide 
Track S 1  ide 
End  Plate 
Mounting  Ring 
Piston  Chamber 
Mounting Arm 
Sliding  Shaft 
Syringe  Holder  Bracket 
Mounting  Bracket 
Reaction  Tube 
Syringe  Holder 
Reaction  Chamber  Mounting  Plate 
Phototube  End  Plate 
Phototube  Front  Plate 
Phototube  Mounting  Bracket 
Rod  Mounting  Ring 
Pull-Rod 
Detent  Pin 
B  1040 
B  1041 
B  1042 
B 1043 
B  1044 
B 1045 
B 1046 
B  1047 
B  1048 
B 1049 
B  1050 
B  1051 
B  1052 
B 1053 
B  1054 
B 1055 
B  1056 
B  1057 
B 1058 
B  1059 
B  1060 
B  1061 
B 1062 
B 1063 
B  1064 
B  1065 
C 1066 
B  1067 
Tube  Holder 
Retainer Pin 
Dark  Slide  Shaft 
Slider  Block 
Swivel  Shaft 
Sliding  Shaft 
Pivot 
Pivot  Shaft 
Dark  Slide 
Bushing 
Shaft  Coupling 
Shaft 
Slide  Positioner 
Washer 
Lift  Bar 
Positioner  Bracket 
Swivel Pin 
Pivot  Block 
Spring Pin 
Retaining  Block 
Swive 1 Pis ton 
Phototube  Housing  Details 
Sliding Pis ton 
Sleeve 
Mounting  Ring 
Mounting  Ring 
Phototube  Housing 
Base  Plate 
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Routine Procedure for ATP Assay 
Des icca t ed  f i r e f ly  ta i ls  (5 grams) are ground t o  a f i n e  
powder wi th  250 mg of washed s i l i c a  with a pre-ch i l led  mor ta r  
and p e s t l e .  The  powder is  then added to 600 m l  of acetone which has 
been  cooled  to -20 C with   d ry   i ce .  The suspens ion ,   a f t e r   be ing  
a l lowed  to  s t and  fo r  f ive  minu tes ,  i s  f i l t e r e d  on a Buchner funnel 
0 
under  reduced  pressure. The f i l t e r  cake  ( res idue)  is  washed with 
a n  a d d i t i o n a l  250 m l  of cold (-20°C) acetone.  Vacuum is maintained 
on the  Buchner f u n n e l  u n t i l  t h e  f i l t e r  c a k e  is  almost  dry.  The 
cake is  then placed on f i l t e r  paper and taken t o  complete dryness 
under vacuum i n  a des icca tor .  This  prepara t ion  w i l l  be  re fer red  
t o  as an acetone powder. 
The acetone powder (500 mg) is then  ex t rac ted  wi th  7 m l  
o f  co ld  a rsena te  buf fer  (0.05 M - pH 7.4). The buffer  a l so  con-  
tains  Versene a t  a concentrat ion  of  1 x 10 M. The suspension 
i s  cent r i fuged  a t  1500 x G a t  4 C for  ten minutes .  The super-  
n a t a n t  s o l u t i o n  is  decanted and  saved  and the  res idue  i s  r e -ex t r ac t ed  
wi th  two 3 ml volumes  of  cold water a d j u s t e d  t o  pH 8. The th ree  
superna tan t  so lu t ions  a re  then  pooled  and cen t r i fuged  in  the  co ld  
a t  12000 x G f o r  30 minutes. The superna tan t  (11.8 m l )  containing 
-3 
0 
the bioluminescent system is  then  a s sayed  fo r  ac t iv i ty .  
P a r t i a l l y  p u r i f i e d  l u c i f e r a s e  i s  prepared by passage of 
the  c rude  ex t rac t  th rough a Sephadex G-100 column prepared as fol lows:  
Sephadex G-100  (20 grams) is p l a c e d  i n  a n  excess of 
0.05 M a r sena te  (pH 7.4) - 0.001 M Versene, pH 7.4 and allowed 
t o  swell f o r  48 hours.  
A water jacketed column (LOO cm x 25 nun) is  packed t o  
a height of 70 cm wi th  the  6-100 g e l .  An a d d i t i o n a l  10 cm of 
Sephadex G-25 i s  layered upon the  su r face  o f  t he  G-100 g e l .  The 
column i s  then washed wi th  200 m l  o f  bu f fe r  so lu t ion  used  in  
prepara t ion  of t he  ge l .  
Eight  m l  of  the acetone powder extract is placed on the  
Sephadex  column. The aolumn is  then  e lu ted  wi th  0.05 M a r sena te ,  
pH 7.4, containing  Versene a t  a concentrat ion  of  1 x  10 M. The -3 
10 m l  f r a c t i o n s  which are co l l ec t ed  are then  a s sayed  fo r  ac t iv i ty  
us ing  the  fo l lowing  reac t ion  mixture :  
0.1 m l  o f  f rac t ion  
0.1 m l  o f  luc i fe r in  prepared  by d i s s o l v i n g  c r y s t a i l i n e  
* 
l u c i f e r i n  i n  0.05 M a r s e n a t e  - pH 7.4 (1 mg/ml) 
0.1 m l  of MgS04 (1 x M 
0.01 m l  of ATP (1 x 10-33)  is in j ec t ed  
The most a c t i v e  f r a c t i o n s  are then pooled and luciferin 
and MgSO are added t o  t h e  t o t a l  volume i n  1:l:l r a t i o .  The 
mixture i s  then  a l lowed to  s tand  in  the  co ld  ( 5 O C )  f o r  a t  least 
two h o u r s  t o  r e d u c e  t h e  i n h e r e n t  l i g h t  l e v e l  when s to red  a t  5OC, 
4 
the  above react ion mixture  is s t a b l e  up t o  one month. 
*Synthes is  of  luc i fe r in  i s  desc r ibed  in  Appendix I. 
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